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'!'()■ VOIALAJE II. 


OF y’HE EKJHTEENTH EDITION. 


The present volume eompletes t Ik' e.xteii.^joii of the late 
l'rofe.ssor .hiinieson's Advaiieetl 'l'e.\t-l5ook on i^lediii 
and Steam hJiajince to eover " Heat aiul Heat Enj;iiies. '’ 

With th(! e.Koeptioii of the leetiires dealiriij: with t^teain 
TurhirK'.s and Boders, w'hieh art' a I'evised form of tlie 
eorrespondin” leetui'e.s iii I’l-ofessoi' Jamieson's seven¬ 
teenth edition, the whole of the present voli.iine is new, 
and an attempt has lieen made to tJ'*' stiidenC 
. elear grasp of thei'inodyna inie [iruieiples without 
ei'diarking upon advanced mathematieal and meta- 
phy'sieal considerations, and to give siiliieient detail 
<k'jerip<.ion of typical engines to enahle the student 
to, have“a fair knowledge of the practical a]i|ilicati(m 
of t hese ]jrineiples. 

.\n atteJijpt has heeii made to enahle the student 
to realise that in [iractice conditions often obtain Inch 
are left out of account in jnirely theoretical considerations 
of the subject, inid that tlie word " ellicient ’*is some 
times employed in theoretical considerations without 
regard to •ecjmomie conditions, we refer particadarly 
to the fact that the most “ ellicient " engine from the 
thermodynamic standpoint is not necessarily the most 
ef|iciont one from the practical and economic stand 
point, wliieh takes into account '^^iich ipiestions as jirime 
cost, cost flf fuel, freedom from hreakdowii, and many 
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other consideratiorl^ of vital importance in practical 
life. 

^ While realising this, and thinking it necessary to 
emphasise it, we do mot wish to detract from the great 
educational and practical value' of possessing a' clear 
insight into theoretical' principleswe must ,have those 
first, 'SO that, later, when we come to study also the 
jmictical and commercial conditions, we may form 
a perspective view oT the whole subject,'* and not be 
prevented from seeing the wood on aecount of the trees. 

Our thanks are due to the courtesy of the various 
firms who have been good enough to suj)ply data ^nd 
illustrations of the engines and accessories associated 
with their names and described in detail in various 
parts of the book. 

The recent papers of the Associate Membership 
Examination of the Institution of Civil Engineers have 
been incorporated by the kind permission of the Council. 

EWART H. ANDREWS. 

201-200 Bank ('hamhehs. 

329 Hiciii HoLRouN. Londdn, W.C., 

Xoi ember, 1922. 
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PRKVACK TO TTTK FIRST FDlTiOX 


In a leading iirtich* oa cducatioiHil IviiiiiuMnin^ Ti'(‘atis(‘s. wlrff h 
appeared lately in a wolt-known joiiniai. the fullowmo jmiarks, 
amongst others, struelc m(‘ as being very suggeslivi* lo anv 
one engaged jp the preparation of a,Text-Book for Students, 
and as well worthy of attimtion 

“We are eouvineed that ail tlie instruetion eontained in a 
great number of tlie (mgmeeimg books aireadv pubbslird, eouhl 
bi** printed mueh nion' smipiv and eoneiselv. and also mueh 
more lucidly, if authors sought only to impart their knowledge 
with the great(‘st bn'vitv. without tlunking at all of displa\mg 
their own learning or s(‘ckiiig to make a thick volume 
There is too much paste and scissois work, too mmdi book¬ 
making and padding nowadays . . . A considerabh* iminbm- 

of engineering books are so learned as to be (piite ovei the 
]j(‘ads of most students. ]\Iany more are so yerbose. so laden 
with abstruse formuhe, lettius, and diagrams, that tin* solution 
of the simpk'st question myolees lioins of time that ean ill lie 
spared from otlnu' work. It is no doubt trile, that mauy 
cngme*ering questions demand (daborate writing to giy(‘ a preci.se 
answi'r with mathematical exaetnes.s . hut m the, majority ol 
engineering practice, absolute exactness of such a nature is not 
jicHt'ssary, and if a useful approximation will amply sutlice, and 
ft reaJil^’ obtainabh' in some sinqily written book, that is the 
t)no that will be ad()pt(‘d.” 

The otiject, therefore, aimed at in the following pages, was the 
productioft.of such a “simply written book'* as should }iot be 
above th(‘ heads of my readers, but should bring the information 
desired, step by step, within their grasp. Whether 1 have 
succ*eeded in accomplishing this object, is a questy^n which, yf 
course, mu.st be*(lccidcd by those oonqietent to judge. 

It is designed to be an easy introduction to ITofessor 
Rankinc’s wVll-known treatise on The iiteam Engine^ and to 
Mr. Seaton's practical and highly appreciated Manual of Maivnc 
Engineering, both issued by the publishers of tlu' present 
•volumy. 


ANDREW JAMIESON. 
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l|l“ 

Fundamental. 



1 Yard, . 

It. 

Length, . 

L,l 

... 

'! i''oot, . . 




( Inch, . 

in 

Mass, . . 

My m 

.M 

Found, 

Ih 

Time, 



1 Second; 

8. 

T,l 

... 

' Minute, 

Ill. 




/ Hour, . 

h 

Geometric. 





Surface, 



1 Square foot,. 

sq. ft. 


\ Sijuat o inch,. 

sq. in. 

Volume,. 

V 

V - U 

1 Cubic foot, 

cb ft. 



\ Cubic inch, . 

' I >cgree, 

1 Minute, 

cb. in. 

r 

r 

1" 



Anglo, 


.( Second, 

\ 0 ,/ 

raiiius 

I. 1 

1 Ivadian = ^ 

ni. 


Mechanical. 




ft 

Velocity, 


L 

Foot per second, . 



V 0 

{ Revs per second,. 

r p.s. 

Angular velocity, . 

u, 

\ Uov3 per ininuto, 

r. p.in. 




( Radians per second, 

Ol 

Acceleration, . 

/ 

a. g 

V 

“ = r 

Foot pci sec. persec. 
(Found w eighL<u_-i 

6' ‘ 

lb. wt. 
(or lb.) 

Force, . . . J 

^\J 


< (giavitational > 
f unit), . \ 

1 

ir, w 

F= Ma 

( Foundal (ab3olute\ 
\ unit), ‘ * / 

pdl. 

Piesaure (per unit\ 
area), / 

p 

F 

'^ = 7 

Found per sq. inch, 

lb. □" 

V"orL, . f. 

(If A) 
E, 

Wh ^ FL 

Foot-pound,. 


rotcntial energy, . 

Ep = Wh 

Foot-fjpund,. 

ft.-lb. 

Kinetic energy, 

r 

E, 

„ Ifi-’ 

=■ -n - 

Foot-pound, 

ft.-lb. 

Power or activity, . 


W k 

( Horse power, 

H.P. 

H> 

H.p. = ryL 

< f t.-lb. per mm., . 

t.-lb /m. 

Moment of inertia,. 



[ Ft.-lb. per see., . 

t.-lb./8. 

I 

1=11^ 

lb.-ft.» 

Density,. 

p 

M 

I Pound percb. ft,^. 

lb. it 

ft? 

lb. 

in.* 1 




' Pound per ob. in.,. 


Practical 
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INDKX TO NOTATION KMPl.oYKD. 

A, a — Area. 

B. H.P. —• BraUe hor.so-]K)\ver. 

B.Th.U. - BiitiOi'L’liernial Viut. 

0 A < Viitii;t.i<le. • 

Cl. - iSperilK- lii'.it. at (‘onstaiit pre'-'iiiv 

~ SpiH-itie luMt at eoiiNtant \oli)yn‘ 

<J ~ (^inniaiit 

J) — Diaiin'tor. 

d ~ Dia.tnoter. (Iran,I'll! in inelM's oi wafer. 

- • Kinelu: rncji^'y. 

« - - ev[)otenti.il eoctliueiit 

I'’ --- h'orco ; I'ahri'iilieit. 

/ — ('nnst.int. 

(j Aeeeleration duo to }ii<u ity, 2 toot per second per second 

If, 11^. etc. -- 'I’ot.il heat. 

}[, H(cit at inlet. 

II, - Heat at e\liau''t. 

h J l<‘at ; height 

II.P. - - llorsc-i^ower. 

I.ll.P. •— I ndicated h(ir''e-pow' I. 

J --- .louio s eipiivahnit. 

Kw. --- Kilowatt. 

/.■ = ('onstant, speciih? heat of siipei hc.ited .steam. 

Ly etc — Latent heat, lenuth. 

*L, • - Latent he<it at inlet. 

** Jjatent heat at es li.iust. 

I , - Leiiifth 

N ^ - Hevulution - |)or minul 

P, P,, cte. ^ PressLire 

P, ^ (’oelheient ot perfornianoe. 

p, p^y etc. - Pressure, pitcli. 

(J - Dr^’fiess coolheicnt. 

P,, , - Uankinc efticicncy cooiricient. 

r --•Patio of expansion. 

r„ — Pressure ratio. 

S, Sj, etc. — Sensible heat. 

^ St -- Sensible heat at inlet. 

St ' = Sensible heat at exhaust. 

S, •— Shear strength 
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INDEX TO NOTATION EMPLOVED. 


S/ = 'J’ensile strength. 

8, ^ 1 , etc. — Sensible Iieat, specific heat. 

•i, etc. = Temperature, tliickness. 

‘ k = Temperature of superheat. 

V — Volume, unit volume of saturated steam. 

V = Volume, velocity 

W . = Weight. 

IV " = Unit volume of water 

z, rj, etc. = Dryness coeffic’cnt. 
a = Angle. 

3 — Angle. 

V -- Cf, ~ Cr = ratio of specific heats of a gas. 

^ = Kfticiency. 

K„ ~ Air standard efiiciency. 

Vk — Elllciciu-y of constant volume cycle using the variable 

specific lieat theory. 
j : :M41(i. 

T, Tj — Absolute teniperature. 

T, -- Absolute temperature at inlet. 

T. = Absolute temperaiuie at exhaust, 

q) = Mntropy. 

= Entropy of liquid 
= Entropy of vapour. 

(p =: rt); q- (p,, =s total entropy. 



HEAT AND HEAT ENGINES 


VOL. II. 


LKCTl’KK I. 

elbJmentary thermodynamics. 

COKTENTy.—lor.st Law ot I'lierinodyn.iinicft Sccoiul L.ivi i)f 'I’lioiiiio* 
dynamics—ln<iicatcd and Brako Kflicicnuios of Knuono"--Laus of 
Expansion of Terfoct (iasos -W’oik done in Isotlu'rinal l*N|)anHi(tn— 
Work done in ExpaiiMon wlieu TV'* Constant- (Aapliical Coii- 
stniction for Expansion i‘V' Constant—Carnot's Cycle -Adialiatic 

Expansion -Eflicicncy in Carnot^ (Ncle -Bovcrsii'Ic Cvc1p.s--A 
lleversiblo Cycle has tlic inaxininin po.ssihlo 'riioondK-.d Llhciencv 

'Thermodynamics is a subject wlmdi (‘uginccriiio; studi^iits 
often find dillicult to undi'istaiid . tins i,> prolmlily due to tlie 
fact that it IS built upon a foundation ol llicoiios winch luiiny 
lecturers have set out as (ixeil laws, whorcas tliev are lu realit\* 
only assurnjitions which, as far as \vc .iro abh* to say at present, 
are reasonalih* If thcsi' assumptions an* coirect, W(' are able 
to deduce certain results from tlimn, tlu‘,>e lesults being eailed 
the I 4 W.S of thermodynamics The cngnu'cr's aim should be to 
follow tile reasoning and to ap[)lv tin- lesults to piactical 
eiigineering jiroblems . the real tost as to whether an engineer 
understaiids the theory of lu'at engines is whether he can use it 
to improve*the di'sign of engines, but the devi'lopment of Ins 
imagination the introduction of abstract conc<‘ptioiis that 
assist in the logical devidopimmt of tli(‘ theory is a matter of 
considerable value which the praetK al migineor is apt^sometimes 
bo forget. •* 

Fli^t Law^^f Thermodynamics. When heat <’i}e)<jy os com'eHed 
vnio mechanic(fl eneryrj a dt’fihiic <iuaKhiij of hcol yocs *()ul <f 
existence for every unit of irorkdonc; and conrerstdy irhcn mcehanieal 
'’nergy is converted into heat eneryy a defiiufe quantity of heal coine.s 
'%to existence for ei^ery unit of tro/k ei pended. 

We hJve conskb'red this law aln'ady.* and have seen tliat 
See Lecture VI., Vol T 
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according to tin* best experimental (‘Videmu* available a British 
tliermal unit (pound-degn'e-Falirenlieit) is equivalent to 778 foot¬ 
-pounds; a Centigrade lii'at unit. (pound-degreo-Centigrade) is 
< equivalent to l.BX) foot-pounds; a kiiogramme-degree-Ccnti- 
grade is equivalent to 127 kilogramnuj-inetres. These quantities 
' id their respective units arcs often vefrrrod to naJoules Equivalent. 
>-^econd Law of Thermodynamics. It i.s Intpo.s-.vbk for a self- 
actimj '■machine, unaidnl In/ any external ayency to convey heat 
from one body to another at a hajhe) tem/teralwe Tins is the 
form of the law giv('n 1)\ Cl.iusius. the law has been from the 
outset a matter ol gieal eont io\'eisv. a vci\' valuable and inter¬ 
esting aceonnt of wliieli is to Im' loiind in Silvanus Thompson’s 
Life, of LohI Kelrui It doe.s not pieseiit in tins foim mych 
obvious praetieal meaning. Init. as we will show later, the 
following vei'\ important iiilecaii Ix'dislneted tliendrom • - 
If a heat cnyine. Jam an ah.'adate uilef teneperatuie Ti and an 
exhaust or outlet tempeialaie r,-. the ma.nmuni possible efficiency 
of (he enyine. even if d thnmally aial meehanically perfect, iVill 
be qiven by 

Miiximum iffieieney ^ 


. The eflieieiirv of an eiigiiK* is defined liy 

n<‘at <'onv<‘ited into work 
Kilieii-nev - y, , / , , ^1 - • • 

Heat taken in by tlie engine 

Indicated and Brake Efficiencies of Engines. In dealing-with 
efticieneies ot lieat engines we have to distinguish botw’een the 
efficiency estiina(<Mi from the indicated horse-power and that 
from the brake horse-jiower. these we will refer to as* the indi¬ 
cated efficiency and hrahe efficiency ix'speetively. The indicated 
efliciency is of interest as indicating the projiortioii of the energy 
converted into w'ork m the engine cylinder, but the brake effi- 
-ciency is oj greater ])ractieal importance, since it gives us The 
projiortion of the energy actually given out By the engine. Id 
the case of turbines, we are unable to measure th,e indicated 
cfficienby. The mechanical efficiency of an engine given by 


Mechanical (‘ftieien<-y =- 


fJrake horse-power 
Indicated horse-power 


Brake efliciency 
Indicated efliciency’ 
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The highest indicated ethciency whicl? has been obtained in 
a steam engine using saturated steam is about 20 per cent., 
the corresponding brake eliiciency being about 18 per cent., 
and using superheated steam an indicated elliciency of 37 per 
cent, has been obtained,^ it should be remembered that tliesi; 
are the highest results obtained undiy tlie bc.st conditions, rfitd 
that in ino5/t cases in practice the (dH(;ien(‘n*a obtained will lie 
much less; moreover, the loss of heat in the boiler and’auper- 
heater are not taken into account About percent represimts 
also the highest brake etlieiency oblaine<I with steam turbines 

The highest known mdieated elhcieiuy for any lueit eiignn' 
is about 11 per cent, and was obtained by tin* i)n‘sel engiiK'. 
the mechanical cHiciency ol tins ('ngm<‘ is. liow(‘ver, less than 
that of tlie best steam engimvs. being about 77 per cent , so that 
the brake eiliciency obtained is about 31 [>er cent. 

Scientific and CanDncicial Sffic/cnci/ Ib'lorc b'avmg this 
general consideration of ellicnmcy. we luua* to nmnanber that 
this elliciency is only m the seientitic s<mse Ibdore we can deal 
with coimnereial (‘fliemnev. which after all, is the linal entetion 
in ])racti(;e, we ha\'e to consider th<“ relative costs of iuol for 
various kinds of engines, aial in comparing, say, coabhealetl 
steam and oil (‘iigiiK'.s wa* should express our results in pounds 
of fuel ))er }f V -hour, and then timl the cost ol fueTat the locality 
in question. Sei'ondaiy coiidition.s. such as sjiaia- and upkeej), 
have an important Ixaiiing upon the piaetical utility and, there¬ 
fore. the real eiliciency , for the picsent, however, wa* will restrict 
ourselves to the theoretical elliciencv obtainable under tlie best 
cbnditicftis. 

• Numerical Example. In a tnsl of a steam eneine nsirifj steam 
at Ml lie; per S(|uni'e iiieli Sliperlieateil to 420 (J., 9 ll)S of steam 

were used ,yer I ll.P.-liour, the ... temperature, being 

24° and tlie cxdiausl temperatiiri' 50 (' Find tlie liigliest 
efficiency possible wiUi this engine and compare it with that 
actually obtained. 

In this case we.Tiave 


tj = 


T,* 


r 


Tr 


■120 - 50 
420 -f 27;) 


.170 

« 9 ;! 


53 "1 per cent. 


The tftal heat of saturated steam per pound at 141 lbs, per 
square inch is 667 in (lentigrade heat units, the saturation tem¬ 
perature bemg 183° (1 : the superheat is, tlierofore, 420 -- 183 
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= 237° C,, so that, taking tlie specific heat of superheated steam 
as '52, we have— 

Total heat of superheated steam = 667 + -52 X 237 

= 790 C.H.U. 

Heat given up per pound of steam = 790 — 24 = 766 C.H.U. 

»Heat given up per H.F.-hour ” 766 X 9 = 6,890. 

, ^ . 33,000 X.60 

Indicated efliciency = 

37 per cent. 

Laws of Expansion of Perfect Gases.- In order to study this 
second law of therniodynainic.s with reference to certain standard 
theoretical engine cycles. vvi> will remind ourselves of the laws 
of perfect gases winch w'cre dealt with in Lectures Xll. and XIII. 
of Volume I., and deduce certain additional useful formul® 
from them. 

By a combination of what are coininoiily referred to a.s Boyle’s 
and Charles’ laws, we have 

P V 

- constant : c .(1) 

If P is in lbs. per square foot. \’ in cubic feet, and T in ° F. absolute, 
c — 53’2 for air. 

Also, c — .. "(2) 

where C^» = capacity for boat oi sjiocific heat of a gas at constant 
jiressure, 

C„ — capacity for heat or specific heat of a gas at constant 
volutne, 

J ='Joule’s equivalent. 

The r?itio ^ enters into many of our equations, and is given 
tdv __ 

the symbol y. For air and several other gases wo may take 
y = 1’4:1 ; values for many gases are given in the Appendix. 

We will here note that tli^ specific heats of gases vary witfi- 
the temperature; this has an important bearing upon "the ad¬ 
vanced theory of internal eombiistion engines. ' 
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Work done in Isothermal Expansion cAmperature Constant).— 

We have seen already that tin; work done in expanding from 
pressure Pj and volume V, to pressure P.^ and volume Vj is given 
by the area 1 2 B A of the corresponding P V diagram, (ton* 
sidering a narrow strip o^this diagram, we have— 

Area of strip P <t V (*>y !)■ 

A e T (/W 

Total area from A to B - — . 

' I ' 



If the expansion is isothi'rmal, 
80 that 'we say- 

Total area from A to B = <• r 


T IS constant and c is constant, 

A dV 

N, V 


i.e., 


^ T (log,. V., — log, V,) 



(3) 


Work done c T log, r, 


( 3 «) 


Vo 

where r is ♦hti ratio of expansion 



^ ^K(rrri{K 1. 

Work Done in Expansion when PV"Constant.-In this 
case we have, as before 

Area of stii|i I’ 

But wc may writ<“ 

B v" i>, v;‘ i>, v". 

Area of slnp ^ i ' i ^ 

Total area from A to B 

I'-'i-, v:,/v 
K, V" 


I’, v; 


/■' ^ d V 
K, V" 


but sitici' 


I-, v;'(vv Vi' ") 

(I ») 

".'■i' (J;v "I 

V I 

I', v,(l 

/( - I 

I’l V " - l\ V", « e see tliat 


Work iloiie 


Prv.f;;: 


P.. V.., 


».e„ " Work done 

(« - IJ 

Also, if the gas is perfect, we have - 

Pj Vj — c T| and P^ \\ - c r.,. 


(4) 

■ (5) 


( 6 ) 


Work done — ' 

(n - 1) 


(7) 



ORAPIlirAI. CIINsriilV'I'ION' P"l! KAP.VNSION 7 

Graphical Construction for Expansion Curve PV" Constant. 

—Let A be any given pouit on tin' curve. Draw a line 0 B at 
any convenient angle a to tlie pressure a.\is. and draw a line 
at angle f! to the volume a.xis such that - 



Draw a horizontal liiu- through A (o inei't () B in *8, and draA 
B C at 45 . antf draw a horizontal line (IF through t' then 
draw A D've^'tically and draw 1) H al 15 , then projecting FF 
vertically to intersect 0 F in F. 

Then F is a point on the requirecl curve. 


Prool Tan a = y 
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1 — tan a — I 


t. (JG OG-CG OC_P., 
’'OG“P,' 


OG 


0 G 


^ , HJ) hp: V, •x'l 

^OH ‘ ^V, ■ 

V 2 — Vi V, I 1 - (1 - 


V, V, 


(1 tan a)" 


(b) 


Vi 


,'V. 


(I - tan a )' 

_ I _ 

(I tan a) “ 

1 


V.' (1 tan,,) 1 .; I- 


P,V,--P, V/ 


. Carnot's Cycle. Carnot 'considoreil air imaginary engine in 
which a perfect gas jiassetl tlirougli a, number of stages, the 
complete sequence of which is termed a cycle. 

In therniodynainies we s|)eal( of the irorkin^ substance; this 
is the general name for the material which takes iti and rejects 
heat, doing work in the process. In practice the principal Workinl; 
substances which we have to consider are steam, coal'gas, and 
nii.xture.s of oil nr petrol vajiour and air. but theoretically the 
substance might be solid. We might, for instancy, have an 
imaginary heat ongini' consisting of a long metal rod provided 
with a' pawl acting u))on the ratchet wheel. if the rod were 
heated the pawl would drive the wheel forward and would return 
idly on the return stroke whim the rod was 'cooled. Thus by 
alternate heating and cooling of the rod a continuous rotation 
of the wheel could theoretically be obtained. 

Ill Carnot's imaginary engine the working substance is a 
perfect ga.s, and the piston and cylinder are composed of a 
material which is a perfect non-conductor of heat, except at 
the end of the cylinder which i.s composed of a well-ooifduoting 
material. ' 
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[} 


Suppose that we ]jave two bodies, X afld Z, which are sources 
of heat maintained at absolute temperatures Ti and t,- respec¬ 
tively, and a non-conducting cov<*r Y, the bodies X, Y. Z being, 
such that they can be selectivt'ly })laced in contact with the* 
bottom of the cylinder. 

Suppose further that tTie cylinder/■ontains a unit weight* 
gas, the volume and pr(‘ssun‘ of which at an absedute temperatuni 
Ti are and {see figure), and that the_ following ovcle of 
operations is then performed -- 

(1) A})ply Ijody X to end of tin* evlindcu' and allow gas 1o 
expand, thus driving tin- evlind^'V forward until the ])iessure 



is lb, and volume V/, During this (wpansioii the temperature 
remains constant at r,. so that tin' et'p<u(s/oii is isothernutl. 

(2) Place the non-conducting IxhIv Y in contact with the end 
of the cylinder and allow^ tin' gas to continue to e^])and until# 
the pressure is P* and volunn' V, During this ♦‘xpansion no 
heat can ijuter or leave the cylnider, the *'xpatiSiO')i is said, 
therefore, to bt‘ adiabatic, and since the gas has done work in 
expanding, such work must have lieen taki'ii out of the niterual 
energy of the gas. so that the temjieratiire wall have fallen. 
ATe imagine that the expansion has been continued until the 
temperature has fallen to Te. 

(3) Place’the body 7. in contact with the end of the cylinder, 
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and drive the piston lAick until a point d is reached on tin* PV 
diagram (or " indic.itoi' dia^nani," as it is commonly called), at 
.which the pressure is 1*,^ and the volume Vj l)urin<T this stage 
f the temperature nmiains eonstant at r^. so that tln^ gas is com- 
frefised isolhermally. Tin* point i( is so chosen that the_ fourth 
stag<‘ will comph'te the cvele. * 

(1) Replace the non-conducting body Y against the end of 
tlie cylinder and contiiun* the compression Jt is clear that in 
this stage we have (tdiahalir courpwssion. and since work is done 
on the gas. without anv heat heiiig allowed to escape, its internal 
(‘iiergv and, therefore, its teinpmatnre must rise. The point 
d will hav<^ been so chosen that when the volume is the pre.s.siire 
will be the gas being thus nTurned to its initial condition. 

Adiabatic Expansion, Ihdor** proc(‘c<ling further to dedaice 
the theon'tieal elhcieney obtainable from (’aniot's cych*, we. will 
consider the relation which must occur betw’een pressuri* and 
volume in ordm that expansion may be adiabatic -i.c., without 
increase or deennise of heat irom or to an outside source. 

Joule provi'd expeiitmmtally that if a gas were ]>erfc(;t the 
internal energv would depend only upon its absolute temperature, 
and not upon the manm-r m which its pres.suia' and volume 
had changed in n'aelung that temjierature 
. In any opefation of heatfiig a substance, wa* must have 
Work equivalent of lu'at a<!(led 

- (‘Xtei'iial work doin' -1 ineu'ase of internal eiu'rgy 
Now', let a unit mass ol gas at absolute t(‘mp(‘rature be 
heated until its teinperatun* r^. and let the volume rdnain 
constant so that the external work done is z<*ro 
Then heat a<lded (t^ r,) 

Since external work doin'- 0. 

Increase of internal eneigy ^ (r^ r,). . (8) 

• Now, in'view of .Ionic's law. this must Ijc the mea.siire of 
change of internal heat energv in anv opmatfon by which the 
temperature changc.s from t., to r,. *« 

In the cas(‘ of adudo/ic c-ip(i/i 6 i 0 H. work eipiivalent of heat 
added ^ 0. 


External work done 


decrea.se of internal ene 

C, 
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■ By equation (7). il tlie ('xpansion follows the law I’V" 
-- constant- 

c 

{«-!) 

and by equation (2) 

(V C, 

.1 (« I) 


Q' l)-!" II. 

i.e.. (y I) (w - I) 

or )' 'll 

In adiabatic expansion, Constant. 



This enables us to wnie isiualions (5), ((i). and (7) in the 
followinf; forms . 

Work done, in adiabatic e\|>ansiou 


l>, V,(l r'-*) 

M 

5-1 


i', \ , I’oVo 

(brt) 

r 1 

c; (T| T,) 

(7a) 


We also obtain the foilowina relalion between temperatures 
and voluino^ in adiabatic expansion : 


Since ■ 


1^1 .,1>, /V,y 


T, “'''‘K'VV,/ 


VrV, V, 


'To, 


1*2 Vo f -V, \\\/ 


( 10 ) 


Efficiency in Carnot’s Cycle. Ttefeirmy back to the diagram 
on j>. 9 for Carnot’s cycle, we have 

Work'donc = area ah ge -f a i ea g h c h — area / d c It 

-- area eadf. 
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but area ijbeh - area e<( df 
Work (lone = area a b g e 
^ ^ [from i'(j. (.3)] c t, !o|, 


C(T,— Tf) 

y-l 
area fdch 
V„ 

v„ 


— C Te I 


V, . 

’V,’ 


( 11 ) 


but . 


Te 

\V^ 

V,. 

V„ 

Vj 

’ v„' 

V„ 

V. 

V„ 

.’. (11) bw’onies 

■ w 


V, 


Work (lone = r ( T, — T,) Ion, 

Now, work taken in wlnl 

= ai'i'a ah ij c 


( 12 ) 


in contact with the source of lieat X 

V,, 

v„ 


> log^ 


(13) 


Efficienby of cycle 


Work (lone 
Work taken in 


V,, 

' V„ 


'V„ 


(r, - T,.) 


(U) 


Now, since Tj is the inlet temperature and Tc i.s the outlet 
temiierature, w'e see that the theoretical efficiency of Carnot’s 
• cycle i,s tlvi same as that which we stated on p. 2 to be the 
maximum efireiency obtainable in any heat engine. 

Reversible Cycles.- Now, suppose that we were, to reverse 
Carnot’s cycle- i.e.. if we force the imaginary eilgine to act so 
that the work diagram is traced out in the opposite direction. 
The following cycle would then occur . 

(1) Starting with an amount of working substance in the 
cylinder at temperature t, in contact with the non-conducting 
body Y we allow it to expand until iis temperature i.s t,,. 




REVHUSniLF, CYCLES. 


I.’! 

(2) We tlien place the body Z in conlllct with the oylindcr 
and allow the piston to move out until the volume is V,;. 

(3) Next place the non-conductine body Y in contact with 
the cylinder and compre.ss the gas adiabatically until tlu' tem¬ 
perature i.s T,. 

(4) F’lace the body X iii*C(,ntact with the cylinder, and con. 
tinue the copipression until the volume V„ is again reached. 
During this stage, heat will How into the body X. 

Our engine now acts as a heat ]uiiii|i, anil it is cleai from the 
diagram that we have transferred from Ihc cold liody Z to the 
hot body X the same amount of heat as we took from the hot 
body in the, previous case, and thal we have ex|)ended the same 
amount of work as wo conveited into ii.se in the jirevious ca.se. 

AMieat engine, in which this is possible is calh'd a theimo- 
dyiianiically reversible engine, and the cycle is called a rerersMe 
cycle. 



A Reversible Cjcle has the Maximum Possible theoretical 
Efficiency. We will next prove that a reversible cycle i.s the 
most elftcicBt cycle possible; we have shown that m one such 


cycle—viz. Carnot’.s—that the theoretical efficiency 
we shall, therefore, be able to state that. 



Jhe theoretical efficiency of any reversible cycle vith absolute 
inlet temperature Xi and exhaust temperature Xe is equal to 
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Proof. Suppose tl^it we liave two engines and the 
former being reversible and the latter not; and suppose that 
. is more elficient than and su]»pose that the reversible 
\ engine in each cycle takes in its normal working an amount 
Ht from the hot body and gives up an amount to the cold 
body, doing an amount of work (IFt * 11,.). 

Then if is more clHcient than E,^, it will reqvire less heat 
- say (III -- to do the .same amount of work 

Now, let the two engines be couple<l together .so that E,, drives 
E„ without any fiietional loss. 4'lnm .since E^’is rev(‘rsib!e. it 
will pump an amount of heat lie from the cold body and deliv<*r 
an amount of heal IT* to tin* hot body, while K, takes H* - h 
from th(‘ hot body and delivers Jb -- h to the cold body 

In each cycli\ tiK'ivfore, E„ will pump into the hot body more 
heat tlian Ej, takes from it, and sinc(‘ oih‘ (‘iigme drives the 
other, no external eiuagy is us('ii \Vi' shall, therefore. 1 h^ con- 
tinuou.sly transferring lasil fiom llie eold body to the hot body 
without th(‘ expt'iidit lire of work, and Ihis v.s contrary to the second 
lair of ihci inodyniDntes 

VVe, therefore, sco tital it is impossihh* for a non-n'versihlo 
engiix' to h(‘ mori' (‘fticnml than a n'Veisible one. 

Summary of Argument on Reversible Cycles. We will now 
collect tog(‘tlfer the \arious sta.leimmts that we have made or 
proved 

(1) If the second law of thermodvnamies is true, a reversible 
cycle IS the most ettieient c\'ele ])o.ssible for a heat engiiu*. 

(2) In one revtusible cycle viz.. (Jarnot's imaginiiry cyfle - 
the thermal efheicney can tln'oriUically be e(|ual to 



where r* ubsoluti' inlet temperature, 

=11 absolute outlet temperatUR'. 

* (3) In eVery reversibh' cych*, th«'refor(\ the highest possible 
thermal efticiency is given by the above (‘(|natio*n. 



ijt^'.-srioNs 




Ll.( Tl !!K I. -(^l rio-N-'. 

1. FiikI the absniiilo /.‘ro ol tPinpouituio fiotn Hii‘ I'ollowjn^ 

Undor a pre^suro of 2,1 ](> 4 ]K“r .'•(pi.iro loot .md at 'M I'., tho voliunb 
of 1 lb. of air \s 12-387 cnluo Icot., while at Idj F it ii 14 2 cul)io ieet 
An.<^. 401' F , 

2. If 1 lb. ol air<iof'>. 39(> li H -lbs <4 udik witiiout I'-'ct-u itit; nr lojeelmu 
any heat, what will lie ils lall ai leiii])<'rahire . An ■ 3 F 

3. A (|uantjty of lois oc('iip\ine *>1 oubn- ici-t at .i ((‘(tiperafaiK' Od F 
is cou'iprei'Sed isothcMinallv t" "t its \<)|iniu' It i-, I hen (<'<)Iei{ at. l■ollstJtnt 
pressure, l-'iiid the volnine ot tlie i;.in uhen the tenipei.itiiK' lias been 
lowered in thi.s way to 32 ' F. les 2 d.'> eiibir h'ei. 

4. ^One Ib. <■)! an i.s <'i>tii]ires‘'(»l t<> 1\\i> .itiii<)s|>liri<‘N pie-'snic, llio feiii- 
peratnre hom^' 20 (’ , Aihat is its xoliune ' It ie<ei\es h<-af (>ii(‘i^v 
equivalent to IJKIO ft-llis , its mlnme i(‘tMaimnii: <'"iis(ant ; Imd its new 
pre.ssui'o and teinperaluM- 'I'Im' s]ie<'ilic hi-al. ot air at eoM'.tanl piessiue 
i8 0-238. .I/is. 00 75 ( nine Ieet. I I "> at mosplu-ies, 20 ('. 

5. Ga.s Is coinpress(‘d adialialie,i|l\ to p,, o| its \olunie. Il llu- oiniiiial 
temporatiiro is 10" (',an<l ' I I, tind the lin.d teinpeialnie |y/v. 
455^ 0, 

0. What IS tuea.iii b\ t hr tei ni " i<-\ eisil>le ” as a|)|ilied l.o a heat en^iiK', 
piovo that when workimr hetweiai two 'ji\eu lenipeiatnies no einnne 
can 1)C more elficj<-iit than a nwm-ihle i-iunu- W'liaf is i lie hiudn'sl (lossilih' 
efticieney of an with inlet, leinpeiainio 325 1<\ and outlet leni- 

perature 120’’ !•'. J/es. 25 3 i>ei-eeiit. 

7. If a steam enunie i.s woiked l•elwe(‘n 320' h'. .ind loo' F, .uul (he 

: atio ot its effien-iiey to t hat on the ('ainot, e\ '-le is "io, how inan\ ll.'l'h. F 
woukl it requiri'per horse-^iowei per niiniife ^ I//-'. 27 f HTh.F 

8. Compressed air at 120 Ih^. pio sipian- iiieh .ibsolnte is di.i,wu into 
a cylmdor, and is llien expanded (o O I nin-s il s ot iL'iiial \ oiiinu'. l)(‘liormiiie 
tlve inean^ab.so!ul(5 [n(',ssiiie (a) it the letnpei.itme is constant., [h) it the 
cylinder is jion-oomliietm;; and ■> I 408 II the initial O'lnperatuio is 
70^' F., find tlie tiiial tempeiatiiie in iIk' laltei ease. .l//v. (a) 55-8 llis 
porequare inch ; (5)154lbs pm S(piaie inch ; tmal tempeM(nr<\ 205 f h’ 

9. An online uses lU Ihs. o| sti'am pei inmiite. the ici'd lenquoaliiie 
is 00" F., llio%>iler lomperalnio 3tH) 1'., ,uid that o| the eondonser 104' h'.. 
what 18 the theoretical maximum ellieioncv ot tin' etimnii ' Find how many 
heat units have bemi used per minute and what horse-power would be 
developed it the engine wor«i a perlcet one. .l/ts 25 S per cent. ; 11,400 , 
B.Th.U ; 69 H.L\ 

10. The volume ot 1 ll>. ot air at F. and I atnios[iliero ])iessure is 
12-4 cubic fc^*l; what will it be at 25 atmospheics and 1.30 (k It it 
receives heat eirt'r^y equivalent to 300,000 loot-lbs. at constant volume, 
what will be the new temperature and piessuic, ;si\cn tliat the spcmlie 
heat of air at constant pressure is 0 238 i .17-2 euluc leet; 77 atmo¬ 
spheres; 831" 0 absolute. 



i.KCn’Ri; 


in 


|j'.( rrui. I A.M.inst.C.K (^risTroNs. 

[. Dcliiir IIk' lollou tdiiii'' —Spcc'ili^- !io;it dI ^a.s at 8cm?(taiit. 
vMiinir, .idialhilic ('\|)aii>iot^, l.ilotil heat <il f\ajxir.vtioti, t'd.il l)oat 
ot a ^a1lllal«‘ll vapoiii ; lie,it. i-l a liqiiid. Statf' tin* i<‘!atii*u cxistjnL^ I'to- 
tw(‘(“ti t^U' la.^( lilurc 1<-ini.'s l<ii IIh- satii<“ !i(|iiid 

2. What, IS intMtif h\ ,i icxci'-iliir cylc ami l»v 'Vn ir'r(n<‘i.siTiU“ oyidt'? 
Wliirh pdilinii-, n| 1,)io cvcliwnt ati act,II,i] --ijiiph' sloaiM <'iiiiUio arn iirmer- 
Blhlf* ? 

d. Om- p<iuml t>l ail is < niii])i< ss( <1 adi.di.itKMlI} i'l om-doiiilli of its 
ouL'iii.d \oiiiiiii- (',di II [,i( a till' I I'll) p<-[;il II !<• HMcliid. tahiiiL' liio imtia! 
tompci.itiirc at lit) !•' and// 1 I Hnu jii.inv B'i'lil’ nitist ha n'lnm'fid 
troni tlu' (i>mpta''^ad air in nolai l.liat it iua\ he r'>o|cf| t.o tha nii'^itial 
toin|>ai at Ilia. vmI li<iul ciiaiiL'inL; |l^ / nm [nassad \ oliiina <’ - 0 I 7. 

t UiM.iiii tiia ii^ii.il a\pias',|i>n loi ilia .uli.ilialli' a\|ian''iail I't .1 pailoct 
^a.s 

r>. What (s Ilia,ml. m thai niod> iiainia'', l>v tlia Imni'' " oa ai si hla " ,iiid 
“ )lia\ai'|l)l<‘ " opal,limns ■’ Sllnw III,it, Wilhllt lha s,Ulia t alil p('I ,lt lim 
iinilK, 111) aiajliia a,m ba moiO atliaialll than ,i lavaisihla anuiiia, 

h Sl.ila lha lii’sl and si'coiid laws "t Ihaiiiiod\nainu's, and prnva liy 
lliaii Mia, ins lhat, i>nlv ,i pai'aartaaa ol lha lia.ii siijiphad lu a In at angina 
can h( I d|l\ a| (ail Jill" W'li h 

7 Ihiu wmihl \<||1 a.ilaiil.ila (ha ha,il axpaildad ill a\lain,d WO|k dlll'm;' 
the axpansion n| ,t a|\an \"iniiia dt ,l pailaat '.pis aaad|<lmL" (n tha law 
J‘\'" I’diisl.ml*. It tha iimImI ,uid liiial laiii[M'i,i(iiri-s <'1 (ha lms. tha \alna 
dl lha (dii-'Liiit. ,uid lha spi'cilh lia.il-' at aoiisl.ml piassuii' and aonslaiit 
Vdliinia w<‘ia htidwn ■■ St,ila tha ai|ii,ilidn' }dii would lisa, amt show how 
thasa .ira d(Ml\a<l lioiii lha liilld,lliiaiit,il [nopaitia'dl pai laat, pMsas 

S Wh.lt IS iiH'anl I*_V ,i laiaisihlo haat- aia.:ina ' l''ind an a\[Hi-ssidn 
|di tha a lha lam \ d| ,i, hi'al am: ilia \m >i him:'m Ilia (‘ai not av ala 

1) Show 111.it, tdi ,i [>ail<‘(l IMS, till'dillaiam a lialwaan lha spai^iiic 
at, aciistaiit- pias-ma ,md aoiist,ud Vdiiiini' m a.pial to (ha w<^>k dona in 
jni.sina tha a.Is t m tainpai.itiiia. Ilaiiaa show th.it. ll (ha ahsolnla taui- 
[loiMlnio and piassiiia d| ,i a,is ,iia known, its lolniiK' is ,i|si> known. 
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I.KCTIIUK II. 

ENTROPY. 


Contents. —Defimtioji ot Kiitropy- and Adialiatic Kxp.ituKJii— 

Tomi»eraturo-Knt.ro{)y JJia:;rains <'.vnim.'.s, C^clo !i"ni tlin Ivitai'iiy 
Standpoint -'roru[n.‘ratim'• r'littoji',’ Di.iyi.im lor Strain -Unir> of 
Jintropy. Ilic l^ank -I)r\'nod^ attrr .Vdiaiialic I'Ap.insion luifiojiy 
Diagram lor Snperhnalod Stoam -('oiistaiiL \'i)liinto Lmns on tlio 
Entrojiy Diagrani tor Stoam XiinioikMl IvKanij'lo^ -('lapcy ion’s 
Equation for tho Isolation botwcen Xolnnif .iiid Pii">siii'o ot Saturafod 
Stoam—Quehtion>. 


We coiiu' iio\s to ('oii.sj(l('i .1 I in-iiii.il (jii.inl il \. (o \s iiirh Uio iiaino 
entrofij lias boon given. wIik'Ii lias bent tlie i ;ius<' ol gn-it con¬ 
troversy aiiioiig ('X|Hments oi t Im mod \ im mie.s, and whicli 
usually presonts eonsidnuiile diliiciilt\ to piaelieal niunn-eis 
Befo.ve atfem|iting to deline the ijuanlilt. ue wdl point, out, 
that one, if not the pmieipal ditlindlv in tim ni.itter is that 
entropy is an alistrart conrepiloji that we eannot express in 
very familial units, m tins ^i‘'^pe( ( n heais some lesemhlanee 
to monn-nt of ineitia We sh.ill podiabh find that w<- shall 
do well to attempt to undeistand ^^mle ol the plopeltles of 
entropy ratlmr tli.ui liy to undeistand mmjpletidy liie detimtion 
of it. 

• • 


Oefinition of Entropy.- // </ "an/// <iu<inh(// <>f hc<a b fl ov 
added to or tukni fio)n a hod// ndiosv Ic/iipcKilure /s r, 

the <p.iaiittU/ ^ cnllvd the > haiujc >>j' mllopij oj the hod// 

• T 

If WO wi.sli to obtain a niea.^iiie ol ihe total entiopy possi'ssed 
by a body in a, given ( oiidition, we mii't Inst agiee upon a zeio 
or starting-point Wo will follow llie imu.il piaitioo^of taking 
the freezing point water viz , i> ot ‘{2 F as tin- starting 
point. • 

If we now divide the stagrs by whieh the s-uli'^taiiee has attained 


its given condition into a iarae nuniher oi parts, ov(‘r each of 
which the temperature may be regarded a^ constant, and divide 
thp change of heat m each stage by the cortespondmg absolute 
temperatifre, we can add tin* se[»aratc results togidhcr to obtain 
a measure of the entropy of the substance m tin* given condition. 



18 


M-XTHIJK 'll. 


The symbol <p is use<l to uulic.itr 
express ID mat lien 1,1 tic.1 1 laimuiiyi* 
p.arts referreii to alxive as 

II 

''' " r ■ 

d(f' r)!! 


<‘iitropv. so that we cdn 
!)'• iohlition ot separat<‘ 


( 1 ) 


Entropy anfl Adiabatic Expansion. \\r lia\e ah. ndv semi that 

ill adiiibatie, expansion ut a siib'-tanee llnne is no cliaitee ill the. 
ipiantity o! he.il <onlained in tin* snl>''lance it lollows, iheie- 
foie, that' in a<!ialM(i<' expaimion lliete is no (diatnie o{ enti'opv 
For this reason some wiiIiTs ha\e (ailed adiabatic eXfiai^sion 
f^rntro'piv r\^>,\]\su)u olhcis ha\e iise(| this lesnlt as a loundatioii 
foi tli(‘ir-(hdinilion ot entiopv l»\ sl.ihne that enliopv is that 
thi'Miial [)M»peit\ ol a siil>stance which leinaiiis (onstaiit in 
adiabatic expansion 'I’hi^ delimlion is not oii'' that we k* 
commend, sinei’ enliop\ is not tli(‘ onl\ (piai)lil\ whieli retiiains 
coMstaiit diiiiny adiahalie expansion We iiiie|it as well delint* 
the teinperaliii(‘ of a l)(|nid as that <pianl!t\ which remains 
constant wdiile the lapiid hoils. 

Temperature-Entropy Diagrams. Suppose that we jilot a 

diagram with ahsolnie lempeial iiies ordinates and entropy 
as abscissa', as s!n*wn on the at eonipanx ing iigiiie. and Wi' take 
two |toints. F, lV\ei\ ne.u to eat li other on the diagram Then, 
]| w(‘ tiraw mtlinates |‘, N, 1\ N_,. wn see that N, changi^ 

of entropy hetwetm \\ ami l\ () (j . now the ai<‘a erf this 

shaded stilp N, t) p j, ]f*l'| and 1*2 

aie suilieientlv close togi'tlim lot the change of leiiiiH'rature 
to he negligible conii'ared with eitliei teinperalnre. 

Aieaofstiip () (j T d I! eliange of heat, 

Since we niav dimde up the whole diagiani in this manner, 
and tin* anxi of each strip will lepit'sent tlu* corresponding 
cliangc of he,it, we sei* that (he (uca of d/i cafrop?/ dim/javi lepre- 
s(‘iils l•h<llt(|e of flea! floil ns, f/ima/n'// of heal (foiHi'd or fo.s/. 

Carnot’s Cycle. No\\ let us diaw tin* tt'inperaturo-entrojiy 
(Tf/d diagram for an imaginarx engim* working upon ('nrnot/.s 
cych' (see [>. 2) ^ 

It is clear that since temptoatnie lemaius constant in isothermal 
cx[)anyion, the corresporniing pmtion ol^ tin* jq dnigniin will 
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be a horizontal straight fine ; also that corresponding to adiabatic 
expansion, during which entropy is constant, will be a vertical 
straight line. The student should have no difficulty in following 
these statements if he refers to the, accompanying diagram. 

During the first stage, therefore (isothermal expansion), of 
Carnot’s cycle, the, np diagram piis.ses lionzoiitally from u to i; 
during the next .stage (adiabatic exjiansioii) it passes vertically 
from b to c , during the third (isothermal compression) the 
diagram passes horizontally from c to d. and the diagram is 
completed by the vertical d a eoires[ioii(iing to the final adiabatic 
compression 

From a study of the diagram we see that 

Work or energy ])iit in ^ areao b/<■ - t, X A <!>■ " 

,, returned -area e/e d — X AT* 

,, done by engine - - area (ihcd -■ (t, -- tr) A T* 


Work done 

?i hhlieiency of imaginary engine — —j-—^ 

(r, r,)A7 

T, is <!' 


t.e., 


'I 


T, 


r, 


T, 


( 2 ) 


This agrec.s with the value uliieli we obtained previously. 
Temperature-Entropy (np) Diagram for Steam.- Suppose tliat 
we start witli a pound of water at freezing point, file temperature 
of which on the absolute .se.ile we will call T„, and generate stfani 
at a temperature T,, the, prc'.ssuie reinannng constant. ,hVe have 
already seen in Volume I tliat the ti'inper.ifure of the water 
will rise gradually to t,, the heat that has been added being 
called sensible heat, and that tin* teniperatiire will then renuini 
constant until we have added a further amount of heat equal 
to the Lalent Heal Lj at r, , we then have a pound of steam at 
temperature* Xy 

The increase of entro]>v during tins period nnly be considered 
as made up of two parts, viz. .- 

• (1) riierea.se of entropy of water = A Ti* 

(2) ,, in ehanging water to steam = ATz 


Now A Ti 


dQ 
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If tho specific heat of water is constant and equal to I, since 
fiQ = specific heat X d T, wc see that 

(5 T 

A r. - ^ • 

• ^0 

If this elimination he effected matliematically by aid of the 
integral calculus, we lmvi> 

■ .L r • 

log/' . . . . (3) 






0 r E J ^ K M 

Entropy ^ f ^ 

Also, since the ieinperaturo dunii^ lulling is constant and equal 
to T|, we^have - 

* v^Q 

Ti Tj 

- i(Runiofheat incienu-nts(luringboiling) 


(4) 
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Increase in entropy of steam ovit that of water at freezing 
point 


A 7'i -i- L\(j, 


lo 


(•^)) 


^iiut if wc agr(‘(“ to <Mtl the (“ntiopy ol wutei at freezing point 
zero, the increase of en(r<»[)v ol water at t, h<‘eontes e()ual to 
the entjt()py of water at t,, and the incicase of eiitrojiy of steam 
becomes c«jual to the (mt;’opy ol sleaiu at r,, so that we liave- - 


I'hitrojiy of watei at r, fj\, — log^ . . . . ( 6 ) 

„ St.'am III r, 7 ,,, - iim, [' \ . . (7) 

Corresjionding to these, Wi* ean plot points A and J> on a 
diagram. 

Similarly, if we look anv oilier leniperatiire w(‘ should 
obtain corn'spoiidiiig points (,' .md I), lit’ lentiu etpial to 

log( and < ■ D e{[ual to 

Tq T o 

In this way W(‘ ean oi)lain any nutid)er of points eoiresjionding 
to C and I), and on joining (hem w(' .shall get two eurves OCA 
and B I) M, called the Water and Steam Boundary Curves. 

A ])oini bi'tween the two curves n‘pn‘sents steam in a “ wet*' 
condition, a point on the eiii\(‘ B I) M rejiresent.s steam in a^lrv 
saturated condition, while ,i point oiitsidi' the curvy B 1 ) M 
represents steam in a superheated condition 'Die wet and 
saturated conditions we will eoiiMder later An entropy diagram 
to scale for stciim i.s gi\en below, this is repiodiiyed liotn a 
diagram i.ssued bv 11 M St.itioiiei\ (Hlie<- wliedi .stmleul.s aie 
la'commended to obtain 

^ Units of Entropy: the Rank. We w ill now consider tlie units 
in wliich entropy is to be measuied 

It will be noted tliat the unit is of I lie order Hoat^ 

Lemporature 

and since the beat units on the Fahrenheit and Centigrade 
scales bear the same ratio to each otlier as tlie absolute temjiora- 
turcs on these scales, we see that the entropy will liave the samev 
numerical values on the two scales Tliere is no universally 
agreed name for units of entropy, hut Professor Perry lias sug- 



LNirs OV THKpMNK • 'J.i 

f 

gestcd tho nanu; Rank, in cominruioiatinn <»l llic ^rrat ron 
tributions of tin* lafo I’rnhv^oi k.inkinc to tlitrni(ul\naniH^s, 
and wo will ailopt that li-nii 

It will, of couisf, l)t‘ un<!'’is|()(t(| th,(t thr pioin'ilu's of strain 

*ftM01A*TuRt 0 

80' too l^0• 200" JJO JUO* ifcO' lOO' 

’TT^iiJuTuuLijiiLnipitJiLiiiiUTrriijirma’i'iiuiuiiinrinL.i.ri utriiniiiimiiiiiiininnm 
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vary sliglitly according to various authorities, and that the 
tabulated values of entro])y of water and steam at various 
temperatures will vary correspondingly. Some authorities, for 
instance, have calculated the entropy of water ha.sed upon the 
slight variation in the s|)ecific heat of water found by Callendar 
ftnd Barnes. • 

Numerical Example. Take, for instance, dry saturated 
steam at 20(J Ihs ])er .s(|uare inch |)re.ssure absolute. From the 
tables on pp. Kb, 8!) of \'ol. T, we iiavi- on the Fahrenheit scale 
I .'581 7 F. and L 84:5 8 B.Th U 

T :iSl -7 I ir.'.i.| si(i. 8 , 

810 8 8 i ;5 8 

(>)|.| ^ 810-8 

■'■:s (logiiiKIO-S - login I!)).]) d- 

■.h :57 : 1-00:5 

I ,710 Hanks. 


On tliP w c sluill !ia \ r / I'.M %‘V ( t — 194'3 

f- 273 (' . iuiil L lilK S (’ n W 


7 




1(17-3 


HiSvS 

lti7-3 


. -n:;? i- i-otr, 

' I'filff KaiilcH. 

I’iiis (‘xani|i!<‘ i!liistr;tt''s <iur staimirnt tlutt the nunn.‘rical 
vaku* of tlu' (*ntioj>\' nionsurc al)o\(‘ thr* fn'czinjj; point of water 
is the satni' on tln^ KahtfiilifMl mid tli»' (Viiiigradc MO-dos. 

Dryness after Adiabatic Expansion. Su])})o^ie tlmt we start 
witli stoani at tinnprratiin' t, and divncss cooflicient and 
'expand it luiiabiiticaliy nntii tin' tcnijHTatnre is To: we wish 
to ascertain tlu* drviu’s.s of tin* steam aft(‘i' cxjiaiision. 

Wc have seen alrcadv m Voliinie 1. that if steam ilos a dryness 
coefficient or fraction etjual to q-^. then in I lb. of wet steam 
tlicro are q^ lbs. of ilry steam and (J q^) lbs. of wet steam; 
we may, therefore, a.ssunK* that the lat<‘nt heat of the w'ct steam 
is q^ Lj per pound. If. therefore, we tak<5 a point h on the^entropy 

line ac .such that ah h will represent 

<l C 
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f) 


the entropy of 1 11) of steam at t<*iii]M*rat\in* atai <lr\iioss 
coefficient q^. 

If we now expand the steam ariiahalu-ally to tempfoature 
T 2 , the corresponding change' in entropv (iiauram will he n-pre- 
BCnted by the vertieal limbhe, and the dryne'"' at tins tem¬ 


perature wdl •!)(' given In' the latm 
For purposes of j)rae.tiea] 


.1 i 


( ulation. \Ki- ma\ eilhei pucerd 
as graphically above, using the <]iait n'pi'odined upon p 2d, 
upon which lines will hr noted eoiresponding to \aim's ol q 
from 0*1 to 0-9, or elsr rniplo\ the formula, winch we will now 
derive from a considriation of the trmpeiature diamam 



‘de- dl< -\ ke dk -i <il, - d!. 


N6w d k 

- oj op 

lo!i^ ' 
T., 

leu, “ 

T„ 


W'dr 

iogf r„ - 

{log,. T, log, T, 


lo^:,, T, 

log,, t.2 

lou, 

Tj 

d e 

blit d e 

- log. i 

» * 

T-i 

h 

I'l 



We, therefore, obtain tlie following lormula — 


T. 


T, 


( 8 ) 



2(1 


i,i':(rrri{E^ ii. 


Entropy Diagram for Superheated Steam, Now, su})poso we 
liave stoaio t-liat is at t(‘nij)craturo t aiul is then Huper- 

licatcil ))y a irnijXTatiui' f, llic picssurr roniainui^ constant 
dunii" the process of su|»erh'‘af 



Svip)>osc that, t'j,, til'- s}ic('ilie he.il ol siipi-i lie.iled steam, is 
constant ' diirmu tin- peiiod ot sipx-i heat in;.'; Idn'ii the eirtropy 
will iiicK'asc in this jx'imd in nianix-r indicated hy.thc curve 
hr, an<i Mie inereasi* oj ciiti'o[)) r/wdi l)e yivcn hv * 







In th(^ dia;;i'ain reproduced on p 2d llien- will Ik* noticed a 
nuinlx'r ol*curve> conespondinc to hr on t,hc I'lghtdiand side 
of the Steam Idoumlarv Curve 

Constant Volume Lines on the Entropy Diagram *for Steam. - 

On the diagram leprodueed upon p. 2d wiil lx- found a number 
of curved hues corresponding to 2(' on tlie above diagram, the 
volumes in cuhie feet per pound of steam being written against 
them. ,• 

* iSeo Tiil)le oti |). ^7 nf \’ol. ] for the vauatioii ef tins (jimntity obtained 
from Mollun-’s losoarclies 




To draw these linos a}>|)r()Ximately. iuli\ proceed as lollops 
—Take, for instanoo, the omve cniTopondinu to a voluinr of 
2 cubic feet per pound Kroni tJn- st'ani tal)l(‘s ascertain the 
absolute teiupcraturc ct)rr<‘spotaiii]n to this spi-citic voliinie, 
uud dra^e the coriespondin!^' line 2 nj>o!i the t (j diaetan,. 

J)ra.w similar lines h i), I, A-o. lUe . upon the diaeiain, * 
and make h.a*.- §/> d. h^'U \ ^ i 

on Then liv joinin" up the points 2. a o, (‘tc , wt' obtain the 
constant volume lim* 



Numerical Examples. (1) .1 ixuni.l nj miui ,ii Ibi) (' os <(»i- 
verkd info dr/f '^ahimlcd . if linn (iinnahd .so (hat it 

ah'-dif.'i mainla/ns Ihc dnj sat/nalnl n>n(hlioii auhl (hr l< nipriafurc 
is loo" 0. Wha( 'IS (hr mcicasc in rnfidja/ duinvj (hr crpansion ^ 
If we refer to an «ii)d[e;(tor diauiain u e sh.dl see ihifl during 
expansion under tliV aboM* condition the cniMtps diaeiain will 
follow the st(*ani lioundary line 

• Increase of (Mitropy pel pound iiiliopy at 

150^ 0. ~ entiojiy at 1(K) (' - I 71 I*(i2 -12 Kank 

^2) Wet^steatn at 380 F havniq a dit/npss cocfftctml rqaal to 
•75 IS ex'pa7tded adiabaticallq unfit (hr Irinpfiatvrc is 210'’ F 
What will be the dryness coefficient at the end of the expansion ? 
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We make a tracing of the relevant portion ABED of the 
temperature-entropy chart, and make AC = '75 AB, and then 
draw CF vertically to meet DB in F. 

DF 

Then dryness eoefficient after exjijvnsion -- -- -GttS. 



Clapeyron's Equation for a Relation between Volume and 
Pressure of Dry Saturated Steam. Supiio.se that we have, an 
imaginary steam engine working on the Carnot cycle between 
temperature limits which dilTiu' by a very small amount 'd T, 
the mean temperature being T. Then if a unit mass of material 
is used, the indicator diagram will be as shown,* V being the 
volume of a unit mass of saturated steam and ir that of w'ater. 

AB represents the i.sothennal. during which w'ater changes 
into steam; BC the, .adiabatic, during wlpeli the tem]>crature 
drops slightly and the |iressure, changes 1)^’ an amount i5 P; 
C D the isotherm,il, during which the steam eh'atiges back to 
water. and D A the adiabatic eompressioii, by means of which 
the water is brought hack to its original condition. 

Now, consider the corresponding Tip diagram; this will 
clearly be a horizontal strip as shown, and the shaijed area- in 
the two diagrams each represents the work done in the cycle, 
so that these areas must be eipial. 



CLAPEVIIOS’S KliUAriON'.J • 'J'.* 

f 

We, therefore, have- ■ 

(V ~ «’■) dV ---- d T, 

T 



/ndicator DingrRm 



• — 


* * Entropy Diagram 

This is known as Ciafeywns equalwn, aiul it us to 

calculate tjie volume of vsteaiu at a f^ivcn temperature wlien we 
know the latent heat, and the rise of iiresKore for one degree 
rise in temperature at that teinperat\ire. 
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II. -(^rr.sTiDN's. 


1. A poiiiKl ol ,iir <)( voliniH* .‘I ciiliio Icot: )> l.l.OoO lbs. )i^t square 
foot; T -- 000" l'\ f'xpaiuls uL con.sl.inlf toiuix'rature mitil its volume is 
12 eubio lent, h'lii'i llie iiow ]>n‘sMiro and flie loss or ffaiu m entropy, 
.r-l/'.s. Pressuu! ;{,0SS 11)'^-tt . viitiopv izain - 'OOo. * 

2. Steam i.s at 110 lbs. pci' sipiare mcli pre.ssim^ (/ - ^120' l‘\. h - S8S4), 

and tlie ehaime ol lu'-ssiiie per V 1-28 !!>«. jwi square meh. Kind tlio 
volume ol (liv ^teain pi-r'ib . takim'e' - 010 !»<; ■} 80cubic feetap))roxi- 

rnafely. 

I{ t’aleuialo the entiiqiv (.1 I lb. <0 supeilieultal .steam eeiierated at a 
tempotatuie ol IN i I*' ,iml siipeilie,il(‘<l I20 I-' .le.s. I •0,'». 

A heat. eii'iitK' o'ceivcs 1,000 K.'l'li V. at. 200' K, and TalO H.'Ph.U. 
niuloimlv as tr/nperatuu' hills tn 200 ' I'’ All (h(“ lieat is rejected at 125' K. 
h'md IIh' maMiiiurti jio.ssiiilc (.Hiricm-v ol tbe eui'iiie. .Ia,s. 21 4 jam cent, 

5 Kmil. h\' means nl (Ik't./ diait, fim elbeietiry ol n. steam enyme 
U'liieli IS jaeluhed sri that lli<‘ slratii lemaiiis saliJi.ited rInoULdioiit tlio 
expansion 

() Dry steam at 105 llo pt'i sijiiaio melt (a)>,s ) expands to 15 lbs. por - 
sijuaie iiK'li (abs.), and Is still d|■\ 1 low mm b Ineil. mii.st. lia\ (> been adilcd 

pm lb 

7 l’io\i> th.it ulieii a '.ms at 1mn[KT.iliiio '1\ and volume /•. ch.iipi,'es 
to lempmatnie and vitinmc <,. tin' < bailee m eiiliopy is 


K, 


(K,. K, ) lo- V 

' I 


8. Sliow that the soliimeol | |l> ol Niinialed steam may l)e obtamed 


from the loinmla 


.1 L ./T 

'I' d V 


, wlieie 


II the volunm ol the sloain m eiibic tret pet jiound 
I - volume ot 1 Ml. ol water m euitn' leet. 

.1 - Joule's equivalent. 

K latent, heat ot steam, 

'1' al'sointe teiuiimatuie ol steam. 


I'.se Itm tollowiiiL' table to olilam j .iiid liiid the volume ot I lb. of 
st<‘.ani at flu I |l)s. ubsniiite piessim- jim s(|n,i.ie nu’hf^ 


Absolute [irussiire jiounds per sqii.u'e-ineb. , 15!) 

TemporatiirH Kahrenhmt (loyree.s, . .'bij 1 

Tompeiatuie t’mitiuiade decrees. | 182!) 


!* IbO 101 

; 202 •() 204 1 i 

181 2 184-5 I 


The latent beat <0 I Ua ol steam at 100 lbs. pi-c.sbiiro is 858-8 li.Tli.U., 

or 477 (’.HA'. 
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LkcTURE ]I. a M. 1 NST.r.K. (^ri sTK'N-^. 


1. Posoiibo tho Hloal Ciiiuot c\olo l)\ hii'jhih of a /< r dtatirani, an<l l)y 
DipatiR a t4?‘n'iiX'raturo-cntioj|\ ili.iL'rain. A jx'ricct niijiiio \\<irKii\^ *ii\^ 
tho Carnot cycio rocoivc^ 5 ,(mki Ib'l’li.l'. jkt nunufo at L'.nttft l'\ : tl>o 
hoat IS rojcctothat 500'^ J-'. l''itKl tlic lior.so-pouoi arol tlio ollicioiKy ol tho 

enpme. 

2. Sketcli a r </> ehait for stoani aii'f ^llo\\ l>v its tuiMtu that ^.ho loss 
duo to roduoing tho adniiKsion ]»ir.sstiu- l>v ihimttliiiL' ih < 'iiiM'-!('iahl\' less 
than that cati&oil 1)V an ('<)iia] incK'asf' ni lii<-k 


:h Provo tln' oqiialioii V 


\. li r 

r 


l.\ 


\\ till li t li<‘ \ oluino [toi |ioMn<l 


ol di'v saluiati-d st<'aiii ma\ ho ( <l Iiojh ,t Kiiou lodvi' ol tlu' latoat, 

heat*-t('in]ioratnio aiel llio pio'-vuic h'lii [loi.il n to atnl llio il< nsity 

' Ol water Caloiilato IIk' \oIiiimo ]hm o( Wu -atiit.ilod '-to.nn af. 

2(MI Ihs ]>cr M|iiaio moll ah^ohito hoiii t ho loUdu un: <l,il a 


rK'f'j'tirc (Ihs. 1 H ‘1 b(|iiare inoh ah.■^ohllo). tho 2h0 20 .') 

Teni])oraturt“. I-'.. . I .IM ti .isd 7 


Till' Iat(‘n1 heat, at ])io.s‘^ino 2tHl is S.')i) :> I’. TIi I . 

4 Show that (lie aorlv dotio m l•oltlI»l(‘'v|tle .idi.ih.iho.itK I Ih of a 
perfect tras is tlio .same so l<)no as Mio tatlo ol the mil i.il to (ho Im.d piO’SiiU' 
IS constant 

.Show hv the hel|i ol a. t<-m I'ot.if ii i<' ('iilio|.\ (li.iil how sij | ko lioa (im.' 
effects ocoiK'niv m a sloain ouemo. and Iho point l>o\oii<l wlm h snpoi- 
heutrne imaflt ho oXpet tod In (,ill.s<' |ila<1nal dilhoillfios ojo.ih'l 111.Ill a‘i\ 
iru-roaso m tlie oconomy woiild nmip(<ii,^ato Im 

I) Civeii tho follow iinr dat.i. ot)iis( I IK I llio (oiiipoi.Unio-oiitiop^ di.ioiam 

for I 111 . ot <lrs sti'iim at linr Ihs. miii.il ,lI)-o|iiIo pios^mo. L:<'noiaIod liom 
Jeed-wator at 112' o\[tauded ;Kii.it-.itio.dl\ to ;; )h> poi 'piiaio moh 
ab.solulo pmssiiro, and exhau.stod at that piov-,iiii- 


I’lessuie \li''i)luio 


I lis [iL'i 'i| un li 

3 


tCIMpOI. 


142 

;{2s 


l.llt l‘ '|0 < i| 1 111 
..1 \\ ,ll. I 


i 

I.Klloi.y of 1 Ih i 
of sh [III j 


(I 2<tl I S^>T 

o I7tv 1 ohi) 


Also find, m tl*<' abuxo oxampto, (e) tlu- uoik <ioiio por i.uiiiid ol .steam, 
and {b) the dAm#5S ol tho stoaiii attei o.xpan'ion 



LKCTUKK Ill. 

ENTROPY- -Conlinyeil. 


CoNTKNT''.--('oiivorsiotk (>l Imlic.itor lor a Slc^aiii Kiigiuo to a 

'I'l'mpotatun'-I'jitropv Diai^iatii -l.ioulv'iii's (.’oiisti notion—Mollior'a 
Dia^rratii lor Steam--^\|^|^l^('atlua of Molliei’a J)ia:^a'arn to Tlirottling 
SUnuii- -Applieat.ioti ol Molher’.i l);agram to Ste.uii Turlniies -'Tom- 
p*‘i;itiii(‘-l‘]ntro|»y Diagiams hn other V.ipoius--liu reaso of Kiitiopy 
in 1 1 levumil'lo ! Voeo^jse'; -(^ne^itious. 

Conversion of Indicator Diagram for a Steam Engine to a Tem¬ 
perature-Entropy Diagram. Jl i« iiilcrebtnio to tind the teni- 
pcratufc-i'ntropy duigiam corresjiondino to a given indicator 
diagram . at one time it was thoiiglit that this would be of great 
assistaiK'c m giving information as to tlie behaviour of the steam 
in tlie evlmder, and that it would become the standard practice 
to ail’cet tins convmsion. As we shall see later, however, this 
can only be doin' from a knowledge' ol the saturation curve 
for the expansion of tin' steam, and on th<' av‘=;sumption that 
the dryness ot iiie steam is given i)\ tiu' intio of the actual volume 
to tin' saturation volume ('Xi't'pt in tin' case of research work, 
thercfoie the draw mg of ('ntro[)y diagrams is not very often 
oariK'd nul m practice It is (learly difficult to argue with 
muoli accuracy ujnui the action of tin* steam in a cylinder 
from the form which the entiopy diagram takes when obtained 
111 this necessarily indirect manner. W(' have also to renicmjjer 
that the iiidieator diagrams are themselves liable to considerable 
error if wi' liad any nn'ans of drawing an entippy diagram 
for an ('ngine l)v direct means, the value of the diagram w’ould 
be much iiicn'ased. 

The student should, however, make himself familiar with the 
procedure to l>e udojited iii the conversion indicator to tem¬ 
perature diagrams . m addition to being very interesting, the 
atudv has tlie merit of giving lonsidi'rabh' insight into the subject 
and of focussing the student’s ideas. 

Boulvin's Construction.- In this construction we take twm 
lines YOU and Z 0 X at right angles and in one compartment, 
conveniently Z 0 U, we draw' the indicator card and the caturation 
curve with volume axis 0 U and pressure axis 0 Z. The curve 



liOfU IN* .'ft 

is obtained by [ilotting from Nfi'ain tables the toliinie of sutiirateif 
steam for various pressures, the weiglif of ste.im passine uifo tbe 
eyliiidcr per stroke being known Alongside tins eurvi> we ili.iw 
in tbe conipartiuent ZOV a eui\e of pressures plolte.l against 
temperatures, 0 Z being tin; piessuie axis ,md O Y the tempera-^ 



ture axis; tliis eiirve is also iilotleii fioin tlie steam tables, the 
pressure s;iale being the same as for the mdieator diagiain 
In the compartment VOX we draw the entro])y boundaries 
for water and steam, tlie temperature scale being tlie same 




a.s for t!i(“ |)n“'Siir(‘'t<‘inp('iatiiro luvvo Now draw a V(‘rtic‘al 
lin<‘ .V h across th<‘ iiidiealor card and ]>ioj('ct A vertically to 
intersect tlie j)['essurc-tcin[)(Tatm'c curve in the j>oint (h and 
tlien project tins point liorizoiitally to intersect the water and 
, steam entropy iMKindanes m J) and K, A veitical should next 
be <lrawn tluoiieh I) to iiitejse(‘t t) X in F, and a vertical should 
be ilrawn tlir(Mie;li F to intm'sect in (J a horizontal liiu' drawn 
through B, and join h’(J Now the line A ]i intcTseets the indi- 
c.ibir eard in a ,ind /'.oiiid ue in.iy as>nni<' appioxmiately that 


A h 

aT. 


Brvness (ax’Hieieiit ol steam at h. 


A a 

\ B 


l)r\ tH‘ss eoellieient. of stiaim at m 


Now juojeet h and a lioi izoiitall\ to meet F in Uj and 
and then [uojca-l a, and h, vmtieally to intersect, 1) Iv m a, and hj. 

TInm '/j and h, are tlie points on tin* iempeiature ciitropy 
di.Hiram eoir(‘spoiid!n;^ to a and h on the indicator diagram. 
F)V diawniit a niimhei of lines on the indicator diagram parallel 
to A B, uc obtain con<‘S|)ondinu points on the tcmp(‘raturC' 
entrojtv iliamam. and by joinimj: u|) these points we aie able 
to obtain the ctoS(‘d fieme illiistlatm;i the canation in entropy 
tllioneliout the c\cle 

d'o pioye the coiisl i iicl [on, Ue note that 


I) F ^ F (I \ B I b vili'ss eoellieieiil ol steam at cm .f,,. 

Blit we ha\ i‘ setm that il we have steam with drv ness coclTicient 
/u and is t he < Ol n'spondme: point on the isotheiinal line 1) F-- 

I) c/, 

I) K 

•. f/- N tlie po'nt on tin* entro])y diagram eorrespondine to 
a on the indieator dia^f.im 

Similarly, ue may proy<- that hj js tin' point on the entropy 
diaeram rorres[»ondijm to }> on the indieator diagram 
Molliers Diagram for Steam. By plotting total heat against 
entro|)v ue (lilt.nil .i diagiam ealh'd a Mollnu' diagraniA 

* A usofiii-Iona ot tins dia'.'rain to eiihuged njion wtych the ch^* 

grain on p. hO k I tmcii. h jailihslied by Messrs. Oliver *& Boyd, of 
Kduiburgli. Price -xi. rwt. Students are recoinniendad to obtain the 
enlareed diagiani and eiuiiioy it in their caleulatums. 
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lines bocoine somewhat curved, ns sIionmi, and corresponding 
to tlie drvness coeffi<‘ient lines on the \set-steain portion of the 
diagram wo can draw lines of constant snpt'rheat temperature 
on the. right-liand ])ortinn of tlie dinirram 
Application of Mollier s Diagram to Throttling Steam.- The 

]jroc<“.ss of throttling steam* nuolves a dnmmition of ]>ressure* 
without loss of total lu-at. \\c ran thus from a Mollier diagram 
asoertaiii the condition of steam initially at a given pressure and 
of known drvness. when throttled to a new piessure, by diawing 
a vertical line on tin; di.igrani. Sup]M)se that the imlial jiressure 
is Pj, and that the point on tin' 1^ line coin'spondmg to the 
known drvness fraction is A . to asceii.nii tlu* condition of the 



ti - 

T’otal lltNvt. 


• 

steam after throttling to a jiressuie W,, ne diaw a vertical line 
A B until we intersect th(‘ Po line at tin* ]»o)nt B. From the 
diagram we can tl^en lind the dryness at tin; now,pressure ; 
if the vortical lmo*crosscs the satiiiation curve wo see that the 
steam in itsjit'w condition will be superheated 

Throttlinif Cato) iwcfer.- Calculations iifam the throttling calori¬ 
meter can be made by a similar use of constant heat linos upon 
the Mollier diagram In the u'^o of this instrument we measure 
the absoljite ]»ressure of steam. and IC, before and after 
throttling* and also tin; ti;mporatur<’, C- throttlmiz. By 

mean^ of the steam tables we can asceitain tin; saturation tern- 




LliCTCRE III. 


:i8 

poruturi' oori-psponding to the jirossure I’j, and tlius by sub¬ 
traction find the liegroe of superheat We can thus find the jioint 
corresjjondiug to fS on the .Mollier diagraui, and by dropping a 
' vertical to meet the 1’^ line wi' read off the initial dryne.sa eo- 
ellicient of the steam. 

• Numerical Example. Find the d'lMiess eoeffieient of steam 
from the following readings taken with a throttling calorimeter. 
- l*ressnre m ntaiii steam pipe, 1.50 lbs per sipiare iindi absolute . 
pressure after wire-dr.iwiiig, I7'2 lbs per sipiare iiicli absolute, 
temperatun' after wire'-drawiiig, 210 F 

The saturation pre.ssiire eorresponding to 17-2 ||is per s((iuire 
inch absolute - 220' F , so that we have 20 F of su|ierlieat. 
Ji’rom the diagram we then find the point eoi lespondiiig to 17*2 lbs. 
Jier .sipiare inch pressure, and a superheat of 20 F., and "droji 

vertieallv until we reach the pressiiri' curve of I, 50 lies. |ier square 
inch We then ri'ad off the di\ ness as approximately '1)7. It is 
useless to attem|)t great accuracy in calculation u|)oii dryiusss 
of steam, becaiisi' the necessary cTrors made in the observations 
are considerable 

Application of Mollier's Diagram to Steam Turbines. 'JTie 

effect ol friction upon the flow of steam through a steam turbme 
can be studied bv the aid of Mollier's diagram. 
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Ill the ordinary calculations we as.suiiie that the iixpansiou 
of .steam in passing through a nozzle is adiabatic—I’.c., th^f the 
cntrojiy is con.stant. 



I'ROI’KHTIKS OF SATl RATRII \A1'0(JI!>. j'* .SI) 

* * 

Lot A ropresent the jtoint (.‘orrrs|)(iji(lin;i, to tin- initial 
l\ of the steam, and Jlj tin' initial total heat of tlm strain 'i'liru 
if the process of »*X])aii>iioii to ])i'i"-':iire l\ wch' tiiiK a'li.ih.iti<', 
the entropy would remain i‘oii''tAint IhioiiLihout the operathm 
and the i)roeoss would he ivinesmtiMl In ihe .^liaiLihl line A JL 
tlie total heat at tlie end <4 j he opeial nni heini: .II,. the ipiant il v 
(^^1 ^-i) <‘al!ed th(“ heat diop th\iii'j, h<>\\c\<'i, pnneipallv* 

to frietioii, thi' aetual (‘xp.imiiui process ioHows a lm«‘ At', fin* 
entropy heim: increased aiel tlie ellectuc^ heat dioj), fioni wineli 
the hleain vc‘loeity k eah nlatc-cl, ho oim.-s (ll,i l|p) 1) 
representinii (Iic‘ lo.ss o( hc'al du'- to lin-iion 

If wc‘ know Innii e\pei mienlal iesull> hn a iznen case' tin* 
pio]tor1ion of the friction heat lo^^ (o the total lie.il drop a\a:h 


ahh* 


the' latio 


I) P> 
A jr 


we ean lind the poinl 1) and 


obtain <' hy diawin^ !) (' until we nie<‘l tlie 1', liir 
It will he noted tli.it tin- \eilieal line 1) (’ n'[tn‘s 
action durine which tie- tot.il heat is coii't.inl, 
I'e^ianl the proec's>A of e\patisi<m with tiic-lioii r 
a trietloiih'Ss adiahata' exp.iii'-ion down to the 


■nts a thiotthnu 
•o I hat We ni.iv 
s ecpllV.limit tc) 
plessuie eolle- 

the 


spondine to the jcoint I), and thmi a thioltlmL', down 
]>ri‘ssuie P> 

Temperature-Entropy Diagrams tor Other Vapours, I’lom a 

k'tiowdcMlge of thc‘ propmtic'.s ol othm ^atuiated \apouts wc‘ an- 
aide to (haw their tmnpeiatuie miliopv cli.i^iano’ 'I’he toh 
lowing tahh's (had with tin' ga.ses .iniiiionia. laihoii dio\idc-, 
and jjul|ihur dio.\i<h‘. and are oi inten'^t m piohlmm eoin;einmg 
rofngeration, with wliieh we deal in Chaptm \'I 
'—Properties of Saturated Vapours. The following data ai.* 
derived from tallies given m ZmiiniT ' Teihmeal TlnTino- 
dyn.imics " , 


P - lu’essure in pounds per sipiah- iiudi. ahsolutc', 

( - teintH'raturi' Kalirmiheit . 

V ■ volume 1 Ih , cuhie leet , 

S sc'iisihle heat in tin- Inpiid aho\e .'hi F . B Th V , 

H — lotifl heat above? TJ F . B.TIi F. . 

L -= heat*of vaporisation ^ If S, B Th F . 

(pi -- entrojiy of the Inpiid at the boiling iic)int, aho\<* d 2 F., 


(pc =,entHij)y of vapoiisation 


L 

T‘ 


= total entropy of the dry vajiour - - g, -{- 7 
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F/LCTURE III.— QUESTION'S. 

« 

1. Dmw T /. (liai^rams tor oarbonio aoid and aininoiua. 

2. Dry stoam at 300 lbs, j)or square inch absolute la gonoratod in a 
boiler and then passed tiirongh reducing valve and throttled to 250 lbs. 
per square mcli without lo.ss of heat. Find tlio dryness at tiie lower pressure 
side of tlio reducing valve, or, if the steam i)e superheated, rind the 
number of dogreos ol suporhoat. /lioi. 10 2 " F. .snporheat. 

3. Explain how sujierbeating iiicn'asi's tho ciriciency of a steam engine. 

4. Describe any form of throttling calonineter, and point out tho difri- 
cully of getting good rc.siilts with .steam eakmmeter.s goiierallv. 

5. In tile use of a tlirotitling caloiimoter the gauge pres.sure was 80»lbs. 
per square inch, atino.sjilieric jiressure 20 5 nudios mercury; manometer 
reading 2 inches mercury ; thennometor reads 220 ‘ F. Find tho wetness. 
Steam tables may 1)0 used. .las. Wetness -= .3 8 per cent. 

(i. Steam is wire drawn from 300 lbs. ]ires,sure (t, - 417") to 200 lbs. 
pressure (t, -- 3SF). ff the .steam contains 10 jicr cent, oi water, finil tho 
amount ol drying produced. 

7. Show how to coinbiiio in'one diagram the mdniator diagrams from 
a com])oun<l steam engine, and atlerwards traiister them to a temperatuie* 
entro|)y chart. 

8. In a c;oinbiiied .separating and wirediawmg oalonmeter the following 

observations wcie taken -'I’oial qinnitity ol steam jiassed through the 
(liaphragm, 52 llis. ; water <lrainod from tlie se|)arator, 2-7 llis. ; steam 
pressure befoie wire-drawing, 118 lbs square mcli absolute (temperature 
340" F.) (171-1 ' <!.), latent heat 878 3 H.’r.U., 488 0.11.U. 'remporat-uro- 
of steam on leaving, 232 O ' F. (1114 ('.). Steam ])rts.sure on leaving, 
atmospheric. Find the wetness fiaction of the steam on entry. You 
may take tho specific heat ol .siqx^rlu'aied sleam as 0-48. • 

9. Steam of wotm-ss fraction ?/’, i.s o.xfianded ailiabatically tioin a picssuro 
pj to a pressure;). 'I’lieexpansion curve isp constant, wheib n - 1-1.35 
— O-I w and the specilie volume of .steam is given by J* Vf' : constant. 
Find the wetness ol tho steam aft-or ex[)ansiou from /)j to p in terms of 
pj, p, and Wj. Honeo lin<l tho wetness ot 5 ])er cent, wot steam a/ter adiabatic 
expansion trom 150 to 20 lbs. ])er square inch absolute. * 

10. Show', by sketches of tlio “ total lioat-entropy," or Mollier,” 
diagram, how the following required data may bo detornunod :— (a) 

• The dryness,or suiicrhcat of steam which oxpand.s through a throttling 
valve without lo.ss of total heat; {b) the work don<j by 1 lb. of steam 
expanding adiabatically from a given pi-essurc an<l with a^given amount 
of superheat or wetness to a lower pressure ; (c) tho dryness cK steam after 
expansion m a nozzle w hen tho etficiency of tho nozzle is’known ; (<i) the 
onginal condition of .steam winch has p<assed through a thiotthng calori¬ 
meter, when the pressure and superheat ot the steam are known at the 
■•nU of tho expansion. 
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1. Find tho dryiios^ of t[)i‘ *li\un ciU-olT at (hnM‘-(iiiartoi-> of llu' 

stiuke from the I'onowinLr paitioulai^ of an I'liyiiK' tn.il. aMiiiniUL; ik 


loakA^e :— 

t'cndonsed st<ai.in iH>rlioiir, in i)oim(U. . 

U»!volutions por ininuto, . IJn 

Volume of (;\linilor, culm: tout, :{ li 

(deariuiee per cent . . . 

IhvHsuro <it steaui m p<uiuiU por Mju-in* inch at ' stroke. 11 

Volume in cuhie lecL ol I II). o| sloarii at. 11 <S lb' 

jiressuro, . Hi (i.'i 

Pressure <■)! steam m pounds per ^(piam inch at 0 SI ol 
tlie relum stroke and eonnneiumncnt of com- 

prossion. . 17 2 

Volume m cul'ic loei ol I lb. o| sliMin at. 17 2 ll)- I'ei 

sipiaje nu ll . . , . . . . 2d 1 1 


2. Steam passes throu<_d) a throUlnej caloimn.dcr, udieu' it is reduced 
m prossiiro iioni 12b jbs jicr s'lnaie iin Ii (teinpei,i.tiiio dll h.) t.o 1.7 llis 
I'cr scjuare inch d’lio teiii]iin.iluie ,il(ei expansum h 2db K 'I'ho tem- 
peraturo ot sttMini at. 17 Ib.s per .scpiai'e meb is uorm.dlv 2ld' I’. I'nid 
the O^ijTinal di\ness ol llie steam 'I’lie I.ibmf heat ol I lb ol di\ s1(sain 
is,appro.ximat<dy 1,114 0 7 t tbeini.il nints, where t is the temperature 

of the sleiyn iii ileyrees I'Aihronlioit. 'I'lie speeilic heat ol superhcatcil 
steam may bo taken as (1-7 

d. »Stato the second law of lheriiio<lvnamics, ami slow liow ilio ciowtli 
of entropy m *rrover.sil»lo evch's is m (smtoimit} with tlii.s Ia\^. 

4. Draw a Mollior hoat-chart witli the data eivcui lu'low (oid} the 2(HI' K. 
superheat lims tho saturation lino, and the linos ro[ne-ontuie the cixen 
pressures need l)o dfann). Wliy aio the juossuro lines .stfaii'hl m tin. 
saturated licld and Survod in tho supeiheated liid'l As.suimne the initial 
condition of,tfio steam to fio 20ti ll».s. jier s([uaio inch absolute ]>ics''nu 
and 2(l0^ F. supeiho.il, draw a line repioscntnie tho Kaiikmo e.y<dc and 
a line giving 7U per cent, ofhtiemy ratio, in both eases tormiiialmg at 
2 lbs. absoluto pressun*. 




I’h-Him 

Intal Kear 

Kiiiropy. 


I lis |iei Si 

1’. 'Ihd 



In .lie 

pel l.ii 



1 200 

1,:{08 

1 -009 


|00 • 

I.2H9 

1-719 

Sii]H‘iheat 19IU r., . 

' .)- 

1,250 

1 -839 


1 

1,222 

1 972 


1 1 

J,20(l 

2-059 


j 200 

i.iim 

1 510 


100 

l.lSli 

1 002 

Sal 111 .lied, 

2.7 

),i<;o 

1 711 


1 •'* 

1.190 

1-HI9 


1 1 

1.1 15 

1 918 


, 200 

1,090 

1 910 


100 

1.000 

1 977 

0 S <lr_\m‘ss fi.iclion. 

1 

970 

I -111 


1 

'.♦90 

1 -520 


1 1 

!>l 1 

1 570 

■). 'I’lio drviU'ss tiactioii < 

1 steam is as( 

a tameii to ho 0 !M<. ami the 


I'l 17(> III.''. |H‘i sitii.iK' itK-li alisuliitc l-'ni'l Iko total hoat ol thjs 
HWatii tlia( tlu' total heat ot >atiirat.ril -.tiMin .it this |>i(“^-;ino is 

1,19.') 4- I’.'i’ll I I'l'T I'outiil. aii'l lli.it t.lic u.itct lnMt IS 91(17 ll.Tli.U 
j)or [loiiii'l. If tins .stiMiii \\('ic r\|iaiiil(‘(l i>\ tlnortliiii.', liou to 

cali’ulat.o till" tiMii|)<‘r.U.iirc wlirii the sir.im is |iist. sa(,iuMto<l 


I) Jv\r>l.un tlu‘ .st.itiMnciit t.h;i(. il tin- ronilition ir| ,i Mlll^t.•llU'(“ is cliani^cil 
aloii;^ a K“\('i.'iltk- p.vtli tlir ditU'K'iHs' ol ('uljo|)\ l)(“(uo(‘ii ilio litiai and tlio 

imti.il staL'os Is tlm .siiminalioii oi . Show th.il llio dilToiciifo of entropy 
is izrc.itiM' than this il tho path is 


7 Show how tiu' i‘iit.[op\ diairiam |oi a steam eiieino may ho used to 
invosti<.'at(' rlio amount <'1 moisture piescnt at \aiions yumts lu the 
ro\oiiitjon. • 
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STANDARD THERMODYNAMIC CYCLES. 

CoNTK.NTS.- -Koiir Stau'l.iiil 'riioniitHlvnainu- < -Coiisl.iiit A’l'lmnn 

C'\cIo nStlllmL'''' (Uto ol dr llnilias ('\(lr irUrV 

iTi ('(Histaiil. ('\i!r An Sl.iiidaid hdio iniM lATri t ol 

Vaiialiir S|)('ritir llr.it. <>l (ia-^ NtiiiK'iiral ol Sjnaalir llr.vt. 

— i‘>lTrct ot \'aii,il)l<- llr.il. ii|miu Adiah.ilic I'xpan'.loii 

W uii|)cii-i’ l<ir (hr Idr.il l•dllrlrll^'\ o| (lio ('oii^taaT. \ oliitiir 

With \’ail,llilr Sptirllir Hr.its ('oiti |).i I isoii o| Mr.il |•dllrl<'lU iri 
lor and \'.ui.ililr .S[irrdir ilr.it-' Cottsl.uit rir.ssuro t'\rlo 

-Kaiilviiir-('laiisn.s <'\rlr iA)i< i<Mir\ willioiit Sii[k'i luvit. Iioni <'on- 
sidoiatioii ol tho /‘V and tv djii;iaiiis <’oni] mi i>oii \\i|.h ('.iinol 
J'dlluirll<’\ It.inhnir-t'laii-HM Uilli .Sii]irilir.L(<'d .Slo.un 

(^iicmIioiiv 

T]iK!:i: -H'f .1 muiil'rt <d indanl idral t lirMiiii<l\naniic 

cvc[i‘s, w ii }i w Inch t lie ( \ eh - nt aiiv o| \ rn cnj^iiic can hr coinpai ni 
a.s a .staiahuil in dcalint; adli ilirsr c\c|c.'^. we udl in ninsi 
casrs drsioii.itr tlii'Ui a(cnidii)o In tiirii 1 liriinndvnaniic (liai- 
aclcii'::! !(■'<, I’lahn' wlindi the heat i.> lakrn in and irjrtlcd, and 
-il ■() hv t!n‘ n.tiiic.s of the invc.stio.itoi - w il li w Imni I Ih", ,uc ilsiiallv 
,i>aj(.-iatcd 

'riu; lollowinr .standanl cvcIim i<'<|niic in\<-st loat ion, (in- first 
•of wFlich w<‘ lia\<' .ilir.idv con-^nleii-*! in drtail 

(1) *('oust .ml 'Ih-nijx-i.al iiic <)i f.iiiioi {'\c|c 

(2) l.'onstant \'oiuinc oi Stirlino and (Mto ('\clc,'?. 

(d) (^on.vlaiit I'ic'-.-.uir o[ Kin sMin ,md doiilc ('m-Ic-^. 

(1) l{^nkinr-(’lausius Strain I'lnomr ('\c!r 

(’OXST\NT VOLr.MI-: 

• 

In this cveic all the in-at is [oerived at. constant \olunn3 
and rrjcct^(I ^at constant vohune Tln-ie an- two |)rinci|)al 
forms of tins cycle, in one of winch (Stnline) the c.vp.insion and 
compression are isotiierinal, and in tlie other (Otto) tln-y arc 
adiabatic. 

• («) Sitjiny Cycle In Slirlinj^’s air eneiiu*, invented m 1827, 
we have the first exani[)lc of a “ revi-rsilile cnemo, and a good 
attempt at the employment of tlio regenerator piinciple. 
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The cycle was as follows . 

(1) Air at volume V,, heated by ])assing throuf'h the reoonor- 
. ator, was allowed to expand isothennully to volume V^, heat 

Ix’ing taken m from a lurtiace, and the expansion causing a 
yiston to be raised. ‘ 

(2) The heated air was then jiassial back through the regener¬ 
ator from the liot to the cold end, and gave up some of its h(*at 
with corresponding drop in pressure, the volume remaining 
constant 

(3) The aif was tiieii cumpress»‘d isothermally to its original 
volume. 

• (1) The com{)ressed eold air then passed back through the 
regenerator from tin* cold t(» the hot end, and re-al>sorbcd heat 
jirevmu'^ly given np. 




A Stirling eiigiiK' of 50 J.ll 1\ was used in 1813 at Dundee, 
‘ and gave a’lelativtdy high eilicieney of -3 measured on the I.II.P. 
But the nieehanieal (“nicieiiey was low, so thul the overall effi- 
eiene.v was not so good. The objection to hot air engines from 
the practieal point of view is that tlie\- have to l)c very bulky — 
that IS to .sav, the power out])Ut of an engine of given size is small. 
Stirling attempted to overcome this olijection by using high 
pressures that is, a relatively higli weiglit of air p^; stroke, 
even for the lower pressure of the eycic but even if this be done 
the hot-air engine is not a practical projiosition. 



Pressure 


KKKICIhNTV IX (■<»XST\NT VOLUMK CVCl.K? 

{!>) OKo 01 Ih’iiu 'Ir liocl/d'i ('tjcle Tlii.s diiVciN from tlio 
Stirling rvcl*‘ III tli.it tlif ^‘.\[l;^l^lon .iiid rompiaio adialiatu* 
ill placa of isotlimm.d, and is UMiallv rf|:.nd<Ml ns tlir ideal to 
u Inch tin* Ot to or iicau ih* Rocha^ rx plosion c\ cle a ppi oximat'-s . 
the d(‘tails of this ew’h* .ik' oum in t'liapter IX Thr above 
li;fure ,ip\ I's t hr an<l t <j di,ii:i.ini'' foi the tliemetK ai c\ch‘. 

The chai ^e is icdoai III at the point (‘and is ( oiti pi (•'"ed adiah.it n'- 
ally to I) it 1' tla'ii I'xplodeil with immediate use o| pres^uie 
to A. and tin'll (‘XpamU adi.ih.if a all\ to l>. wlnie the e.xiiaiist, 
opens ,ind tin* pt^s^^il'e f,dK imim'di.itelv 



In the folli'--l!oke (\e!e the miLlne m,d^e■^ t W o idle '(tolces^ 
fept e-'Cllti'd l)\* the dolled line, dllMlie whuh the ploilmts o| 

eomhiistloll .ire t'Xpelled tioiii the e\hiidet .tiid a le-w eh.iiu*' m 
<lr.i\\ n in 

Efficiency in Constant Volume Cycle. 

Heat siipplji'l at eoii'.l.int \oliiitie horn 1) to \ 

f'r ( - r,d. . . . . ( 1 ) 

Heat lejeeted at con'^taiit vohiine liom R to (' 

t\(r,; - T,\ . . . . (2) 

*. Heat tonvelted into uolk h<‘at 'supplied in, it e]((led. ' 

- 1 ( T|,] - ( r„ r,): 

4 
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Effioi'ncv 


Ifcat < ()iivcrto(l into work 
Jlcat Huppjiod 
{{u Tu) - (Th — Tc)| 

Tp) 


Tn T<. 
Tp' 


(3) 


lint by E(]Uiitinii (!0)7|) il.sirici 


Ti, 

Tk 


Ta 

Tp 

(V.y ' 

Th 

Tp 

Uv' 

r^ 

Th 

T^ 

or — 

Tp 

T,' 

Ta - Tp 

Tv 

Th 

Tp 

Tp 

Tk 

Tp 


xpan.sion is ndiakatic, 

I 

.... M) 

Th - - To’ 

.... (5) 


Or 

wlirrc 




>/ 1 


Tn 

Tk 



I'.itio ol t'xpanshni 



(3) 

( 7 ) 


This ([iianiity 1 



IS called till' ai)-sii(i}(hiHj rjicicncy, 


y bcine lukcn I-IO, and it is conniion lo cx(iicss lla* rcsulte of 
tests upon inlcnial coinhnsdon engines with reference to this 
i<leal eili<-iericy in much the same wav as with reciprocating 
steam engines. The Kankme-Ciaiisins cycle (p. 0) is adopted as 
the standard 


We thus h ave 



.\ir standaid eiru'iency - 
This gives tiie follow iiig \ allies . - 


Hat i" of K\|>.npioii 

J j a 1 4 f. i 7 1 IP 

i - 

2e 


Air standard cttiA'iencv, 

■242 j -ItAt; ; -421) -475 -541 602 

■698 

•841 





NUMEllK'AL EXAMPLE. 
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The above diagram enables the effieieiieies for intennediate 
values of the e.xpan.sion ratio readily to be aseertaiued. 

It M'ill be noted that the ellieieney fiiven by e(|uation ((i) i.s 


less than tliat for a ]ierfect engine ( whieli would lie 1 - 

T \ 

b(M’aiHe the heat is not all taken in at (In* sann' ti'inj'eratnre 
and all rejeeti'd at the same temperatiin- 



Numerical Bj^ample. A jfas cnnino of-jr* il V i<M-< ivt's-(M;(iihic 
foot of ;i.is jier evehe t lu- ealoi ilie \alurol wlinli is 'I h T. 

per culiie foot. 'I'he elcaranee vi.ilnni'- is d-'J eiiliic foot, ami the 
volume .s\\('[)t out h^v tjie jnston eai h .sliokr is I cuhie loot 
Number of cvelcs {;^‘r minule '.10 h'md tlie elTnionev of the 
ongiiic and it,s''^irnaeney ratio eompare<l with the air standard 
In this case VJ -0-2; 1*2. /■ i> 

Kfficiencv on air standard {from diauiam) -52 app)o\ 
Heat iisejl per cycle -Ob.0100 - oil JJ Th t'. 

Work equivalent ^ oG x 778 2H.(XKt ft -lbs. 

Work done per minute by engine - 25 oo/JtKl ft -lbs. 
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'-'3.3 (MX) 

Woik (lii)H' ])t‘r cycle l»v cnyiiic -. -^ 9^170 ft -lbs. 

L’.V f -'.170 

hlhncncy ol ciiyiiH O ‘33 approx. 

.* KHicimcyratio t<t;urst,unl;inl -63 a])prox 


Effect of Variable Specific Heat of Gas. Up to the present wc 

have a^^Ul)l(Ml Ih.it the spc( ilir. heat ol tlien.is is constant this, 
in fact, IS now ;'enei:illv adinittcd no( to be 1 he case, and so 
new formula' have been de\isi’d bii the t'lUch'ticv of the eonstant 
volume cycle for \a!iable spi'ctlie In'ats 

We may a.'isinne that the specilic fieat of a ens at constant 
voliinK' increases with increase ol tempeiatuie accoidiny to a 
liiiea'- [elation ,ind wiati' 

<',0 . .fl'O 

Or, tor use wtlli absolute tenipoiatures 

*'i ll h T .{i;>) 

II. llieieloce, the absolute lempeiatuies at tlu' points A, 

0, I) m the ludic.itor (liauiam on p p.) art' re.s|K'eti\e]v 
Ti!, r,', and 7|>. we li:i\e 

Heat absoibed fioni 0 to A II, (r^ Tn) (2) 

lep'Cled l>1o(t lU ■ T(.) (o) 


lakiii^ (ol the spe''irie heat' the mean o\e( iIm' interval, we 
shall !ia\ e 


(-n /'■ 

h 

i 0^1 

- Til) 


■ ■ (-1) 

/; 

1, 

■ 

; tC 


. (5) 

Now , t he ('llii'iencv ol t he evele 

>h 

11, II, 

a, ■ 


Oa r„)|/;d|(T, 

' r,,) j - 

(Til¬ 

■T, ) j I'l ' br,, -i 

- To) I 

1 J 

- - 



i J 

* (fil 

T,.> [ /; 

's 

i- T,.) 1 


( Ta 
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00 


X mnrt Vnlxc of Sprcfjif llcil nli.-^crv'rs 

obtaiiU'd c‘on'^i(l«TaMf (li\m rli«‘ \jiliirs of ihr s 
lt('<\t of at (amstaiiT xolunn* loHowin^ \si‘n- 

I)v Mall.ud an<l Lc ('liatcli-'i ni 


'or ('O ,, 


<1 1 177 

0 ITb 

I.IHK)' 

H, 0 , . 

■ 

11 ;« 11 

0 2 !" 

t 

1 ,t ttHi’ 

X„ 

. c, 

0 1711 

OS 7 

t 

1 .1 n H 1 

(),, 

. c, 

0 1 ISS 

■ o 7 ti 

/ 

f .tit 10 ' 


liave 

jHMMlic 

juib- 


( 1 ) 


W luTi' / I rlll|ii‘ia t me ('(‘lit ILIM'lf 


(’Icik ni.ub' inaiiv iiiijioitant t‘,\[naitiiciitami bmiul 
that the cui'.i* shuwnm tin* vi-latioii hrtwcfii spciilic heat ami 
tmnprral.uii- \vas nuac lu'arlv .1 paiahola than a >.tiai^ht hm*, 
but for a mi\tiiM' of I of ^as to of air. ihi* stiai^dif |:t)ijioii of 
(’k'rk s cui \ (• ;l:i\ (“s 


V, n-itn 

bur this niixlurc lUirslall [^ivcs 

0 ITS 




t 

1.0( K)‘ 


(••105 


/ 

l.(H 10' 




(•>) 


Tlu' (his Kxplosions ('oninntti‘(‘ of tho Iditish Assoi'iation 
recomim‘ii<lc(i m tlimr r(‘]>oit of I'JOS the use of tho foniiula-— 


Cv "172 


•OT.') 


/ 

I not) 


Effect of Variable Specific Heat upon Adiabatic Expansion. 

— Suppose tbat^ a j^a>. at pressure p, \ohiine V. ami al)so!ute 
temperature t has its feiiip(‘iatuie iiienamed bv an amount 
d T, ami its V'oiiiim* decnaised bv an amount d V 

Then the woik done on th*' ^a''. expo'SM-d in heat units 
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Blit thi.s work will liv represented by an increase (i H in the 
internal heat of tic fias, so that we have— 


(/It ('„ (/ T I 


. . ( 1 ) 


If the process js adiabatic, we must have no increase in the 
internal heat, so tli.it d II 0, or 

r, dr '''P'.(2) 

Now, wc hav(' liy cfiuution (I), p. 1. 


T 

■ J (Cp - ' Co)' 


T 

J' V 


d T 

d V 



dr 

- 1 (V,/p : p</V). 


I’nttinc this result in 

(2) \vt“ have 


•I - - hr) ■ 

(V(/ 1> -b -pd V) -- ^ - 

]) d V 
J 


w' ■ 

1 

('J- 


(V V// 1> — Vp ]} d V. 

e- ,, '/V 


Now let 


Then (‘(jiiation (.j) hecoines 


C, ft ^hr \ ', 

i'p ^ n -t- /) T / 


(ft + b X) 'p -b (« -1- h t) . 'P- -- 0. 

^ • Y+“ V‘+•''' ''^ 
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i.p.. + -I '-!'/(/< V) 1 0 . . 

* ]) VC 

[''"'•■‘""'/v !■] 

Iiitogratinji, wo got 

/>'logj',j a log V ‘ }) \ constant 



AniAicM'ic Ccavrs i-oii ('onm' wr \vi> \iii \ci.i’, Scio ri lo l-fr ,\t 

This is the equation for adiahatic expansion of gases the sjm'ciIic 
heats of which vary in the linear manner given by eipiations ((>). 

• V n V T) \ 

We note that .- so that wo may write 

(a - li) c 
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(‘(jUiition (H) as - 

j>\<)isp i V ; hr constant.(9) 

or, sincr the absohitc ti'tii[)riaturc is at a tixrd interval below 
tile oi'din.iry (('iiipeiatuie, ue nan wnte tin' (‘([nation as - 

/>' !((;i y) -1- (t li>^ \ I hi constant . . . (10) 

AVe will note that, if the spceilie hi'al is constant, the value 
of the eocllieient h Will be zeio, and e(juation fb)) beeoni<‘s 

l> lou p : <i loLi V eomtant. 


\\(‘oi)ta 


■ faiiiibar r(‘sult/j --- constant. 


The adiabatic curve for \atiabh‘ speeilie heat will la* found 
to eotiie above that for constant spot die heat, as shown on the 
aecompanvinii diaj:iani 

Wimperis’ Formula for the Ideal Efficiency of the Constant 
Volume Cycle with Variable Specific Heals. Air II K W inipei]s,i= 

A1 A , has eiven the foliowiiio ns(‘ful deination of a convenient 
foriiiiila for the efliei(‘n<’V ol tin* constant volume c\ele with 
vari.ildi' speedic heats 

Ib'fernn^' back to e(|uatioii (0), W(' have tor the ellieiencv of 
the constant volume cvele with xaiiable speeitii* heat 

(Ta i ' T„)|- (r„ -Tc) j/Cl-I Tc)\ 


(Ta -- T„)|/! I- (t. 


—Mil) 


Now', take equation (9) and wnte it - 
, a V I) r 
l< l> 

Taking antiloixs of each sidi*. we get 


p A''^ c ^ constant 

* The Internal Coiuhn^tion Engine (Constable). Advanced students are 
recominondod to read tins interesting and atiriuilatmg book. 
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it --- ox[)onontial cooHicR'iir. tlic hast' of the Napaiuni 

ami sinc“(“ ratio <>f ‘^ni'v'itir iiaaN at al)M>lutr zoio. \\<' niav 
/' 

^0 ■ ■ i'<|iMtion to tih' .uliatialu' (‘Xpansion with 

l> * 0 

vari.lhk* specific lieals hecanies- - 
l> - 

jt V ' " f ■ ' enllvt,! Ill ( rj) 



Now we liavi' also 


Equation (^2) eivcs 


;>A V, i>v. y > 

T \ Til 

T, /)|| \\ jlv. 

T„ p, \', />, 


^ y'A V A ‘ ^ Oi ^ 

. .p'A|e ^T.-T,, 

« ‘ 

iiuttliig this in (*13) \M' get - 

Ti, 

and siimlarlv we shall gct- 

. ■ l> 

• Ti, I - Y-. V ) 





The left half of this cxpre'-sion may be wiilreii to a sufficient degree of approximation 








constant I’RES^CKK cyci.k 




The compro>sion teniprintluc Ti, i-' not to dctciiinnr in 

practice, and as an aj)pi'oMni.itton. ''iiie*' Ti, i'- iniillipli'-il 1 >n tln^ 

small (luantity ,, \^e in;i\ unte 

■ /> 

t-- I I # 


Ti. 

Ti' 






!1_V- 

(I 1 


'/ 


Thifi IS \Vnn[HM i.s' fonmila 


[-v/ 


*/) r, 


:] 


( 1111 ) 


Comparison of Ideal Elliciencies for Constant and Variable 
Specific Heats. Tlir l<>llc \\imli t.iMr ila cilr. t npun liic 

ideal cHicieiieN’ i>l tin- a Ilow ,i ik i' |ni x.iii.ilion <i( tlic sprcilie 
heal of lM'' n it li Irmpna 1 iii<• 
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(2) Oase« '‘Xpand adiabatn-ailv from j3 to C. 

(.■3) Oasrs (*v])<‘1I(m 1 at constant volnnn- to D and new charge 
of find tak<‘M in . in tin* four-stroke cycle* the ciasos are ex]>clIod 
by ail idle stroke of the piston to K, and a in'W charge of fuel 
Js taken in by an idle outward stroke of the piston to C, which 
returns to J) before coni[)iession begins 
(■I) Adiabatic compression from I) to A 

•'/ fki/cs'/on/ Pi('Hs.)(ro (hjilr 
Meat supplied at constant pres,sine from A to B 

- - Ts) . . . . . ( 1 ) 

J{<‘at r(‘j(‘cted at constant pressma* irom (' to J) 

f’;, (tc r„).( 2 ) 



Meat converted into uoHc he.it supplied - heat rejected 
■ <'p Kth ■ TO - (To - Ti>); 


Btfieiency 


heat convc'rted into work 
heat supjilied 

(tii — tQ (To - T],) 

(Ti!- Ta) 


_ (_^To - Tv) 
[th Ta)* 
* Soo p. 143 . 
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G 3 


But by equation (10), p. 11. 



Ta 

Tb 


Ti. 

To 


Ta 

T|»" 


Tii 

To 


Ta 

T 

Ti. 

— Tv 

To - 

Tc 

— Ti> 

Tj. 

Tb 

Ta 

Tk 



wlieio. as before, /■ r.itio ol i'oiii|ires'ioti 

^ 1 

The ellieieiie) ol tills e\ele is less tliail lliat ol a |iiafe(t eilLllllo 
NVorkiiie between (lie tein|ieiatiiie lunils. because all Ibe iieat 
IS not t.iken in atal lejeefeii at tlie same (e!ii|)eiatine 


KAXKINk; ( I.AI SirS ("I ( LK 

Thiii eyele is sometimes called the liankine e\(ie, .ind «a,s 
adopted the b'<'.‘.S l!e|iort, of the I nsl it id ion o| (''ml Knemeei's 
on the 'rheriiial l•:Hielenrv ol .Steam Kneiiies as the sl.indard 
of eoniparison with tie' perfonnanee ol a steam eneme woik'iii^ 
under the siune eonditions 

We thus obtain .i, ipiaiitity which mav be called the liankme 
effieienev eoetricieiit, and may be deliiied as follows 

Kankiiie elTuienev eoeflicient 

_ _ _ theimal etrieieiiev of acdiial eneuie 

tliennal eflicieiicy of ideal eneini' on Itankiiie eyele 

Nature of Cycle. -The ;i V and t rp diaf*rani.s are niven on tlie 
-accoinpaiiyiiie diaeram, and tlie evele eoni|)rises the followine 
stages : - ” 

(J) Steam at pres.sure p, is drawn into the cylinder at constant 
temperature from A to B, the volume at B being Vj t or, expressed 
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(IJ 

in other t<-nns. water at jir''-',>uie .md tenijn'ratun? h (the 
volume ol which IS no^lieihlr) 1 e j H'esellt e( 1 hv A Is coii\i^U'ted 
into dry s,itui.it‘*<| steam at constant piewiue, tin- volume of 
steam l)eiiie \’, The c(irtes|K)ndme hue A !> (d (he r (/ diagram 

will he the hoiizimlal line A li, the Imelh of whii'li is 

r, 

(2) The steani ev:i)aiids adiahaticallv until its pressure t-v 
volume V_,. and teni|H'i-atui'e t,. ( ’m lespondine to this w<‘ have 

the eui \ e 1> (' on the ji \’ diatriaiii and the \ ei lical line ]M’ on 
the T 7 <liaeiani 

(d) d'hc steam is romleiiscd lo water at constant pjesstiie and 
lemperatiiK' This st.ie,- is icprcsrutcd l)\ t'l) on (In' and 




T <p diautams. the line hein'^ a hoii/ontal straight line on hotli 
diaeiMiiis, hecaiisr piesvnu- and t mn pei at n i (‘ ,ne coii't.int. 
Fuithei. the point D must l>e on the water hoiKidaiy eiiive 
ol the T <j diaeiam, hecauve h\ th" lime the point 1) is rtMi'hed 
on the p \' eiine. all the sli'am has heconu' eoiKhuiscd to wat'T 
(1) The water- is pumped h.iek' into the holler its pressure 
heina imnMseil to p, and its lemperatuie Io«t, (his ’s icpi-e- 
sented h\ |) \ on both rliau'ams 

Efficiency on Rankine-Clausius without Superheat. (1} Fio)n 

of p \' Ihu'iHun It 11, IS the total Insd ol sti’am 
at the tnlel Iemp<-ra1 111 e. and is (he sensrhlc heat at the exhaust 
temper at me, we iiaVi' • 

- .1 (IT, — s',.) in mechanical units. 


Ifcat supplii'd per st I oke 
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The work done [)er stroke area A JM' 1) 


aie.i A 1> F K aiea V> ( J I’ 

a tea 1) (’ 0 K 

(ft W i,,V,)[l 1-;^/ I j 
Aft V, - . . (I) 


V.. 


Or, if r IS the expansion latio 

V 


y V , 

Woik pel stiokc ^ -- 1 Pi - 


Klh('i(“ney 


\' ork per stnike 
he.it supplied 

7’(;>i - n’i) 


( 2 ) 


. . (3) 


Zeuiiei gives the following valiu' for y, and this is genoially 
taken^s the most reliable, viz . 


y 1-035 i -1 a:, 


whore X is tlic dryness fraction of the sti-ain. 

In our cas^ we have assumed tlm steiiin to be dry saturated, 
so that X -- ] and y - ld35. 


Equation (3) beconn's- ■ 


•135 .ft IK 



(■ 1 ) 


If pressun*s are in pounds per .s(piaie inch, Notunies in cubic 
feet, and lit and aie in U 'Pli V , ^ TVS It.-lbs pei IkTh.U.. 
and we li%ve to nmlti])ly tlie pnssuns by 111 to bring them 
to lbs. per sipiare feel to [uesmve the dimensions of the 
equation. 

') 
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[Tills Will be cli'iir Iroiii the followiiij' dituviisional equation, in 
which the numerical values are neglecteil. 

11 ft/ X in." -- 

Malti|ilviuv hy 111 bmigs this to —■ I, giving q as a diiiiciision- 
less coellicieiil ] 

We then obtain 

|•^)^lV|(yl| I p.) 

(111 xf 

Tn till' al)ov(‘ Iri'afiiii'iit wa liavt' ni'giactcd the woik dona in 
jmin|)iiig ilia aoiidaiiscd \\<it(‘r into tha boiK'r. It \ w is tha vofiiine 
of tha w.itar, liia work thus spani is Vw {pi - p.,), -ind' tins should 
strtatlv ha daducf(‘d from tha haat coiivaitad into woik, hut 
tor most jna( tiaal aalaulaliuns this may ha naglactad. 

Numerical Example. The u/ht ;ua.s'.s7/;a m u 7s 

100 Ihs per si'yau/o meh tihsniiifr {I. d2S F.), and ihc vihauM 
prcs.'^nir IS 11-7 Jhs jtvr siputiv nnh {/- 212" F), fhr laho of 
c.LpaHsiini liriiii/ If ihi'ic aic 1-31 cubic feet of sloiiii per pound 

ul (hr inlel piessure, /rhut will be (he effieienoj on (he Hunlnic- 
('luus/us c>/cle‘!* 

Taking Irom tahh's Ji^ havo-- 

1-55 ■ (ItH) - 5-1 X 14-7) 
i.ido^ (2r2'-".’52y 

l-bb l-:jix20-6 

i,0(K) 

13 9 per cent. i 

(2) From Coiisnleruhoii of t <f J)uiiii(im The work done 
per pound of steam is represented by the area A B (11), and the 
heat supplied is represented by the ari'a Tl I) A B G, and is 
equal to (If, — Se) or (],, + T, — T,)- 

Now the area ABC!) - area ABCJI H- area f)AH 

=- ( i:, _ .p E D A F 

— area ED HP. 

But area E D A F - increase in heat of water from T« to Tj 
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Arra K I) II F - K D x U 11 

■ ^ T, loLX 


Work (lone 


( Tj - Te) - Tc I(>;.V —. • 

r'# 


(r. -- T,')(l 


work doin’ 
'(ork .su|i|)lieil 

(T, T,.)(l ; 


Tf lor;, 


ForJ.l |I||| oMlii.lle call III.itionn, in « lilell it Is lliroin rlilnit (o 
('■ilful.it'’ i»\' li \ pel lullir Ina.i Ml li Ills, the (Mil I, d(Hn' iii.i \ lie idil a i iied 
fioiii a T <]' eliarl foi sleani. sueli as Ihal lepiodiieed on p 2.'1, 
.IS follow s 

iMeasiire .\ [1 .iiid I) .1 on tlie diapi.nii 

'I’lien work done (r, - - t,.) (I ; A li) - r,- . I).J. 

Numerical Example, 'lake the sann’ e\.iin|ile ns worked on 
p til), and deterniiiie the ellieienet ol the eeele by means ot 
the entropy foriimhi 

Wv h.ive, as before, L, r. r. If,1,0(K) B'Fh F. 

* L, -- I.ISD - :i2) dHI. 

T, r,. - :! 2 S - 212 II( 1 . 

* r, ; 52 d I Kil - = 

T, -e 212 i 1(11 = ( 17 :i 


log* — 2-3 (log 789 


: (17.3) == -l.bU. 


lit; X 2-12- (i'73x-159 


14 0 per eeid, 
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G.S 


This ji^rn'os witli tin* prcxioiis roult to thf drorer of avcviracy 
whicli IS possible in eiilcuhifions of this kind. 

Comparison with Carnot Efficiency. TIm' Itankinr-Clausms 

cyvh‘ IS not a ic\ei.sd)le one, so that its (dlicHiicy must bo less 
■ khan for the Catnot lor tin* same .^empeiatiiro limits 

In tlu' mimeiical example whieli we hava; just coiisideiaaf, 
W'o should havi' 

Carnot ellieieiK'v -MT - 14*7 percent. 

T, 7SP ' 

Tn view of tin' verv simple eahulation ief|uiied for tli<‘ Carnot 
efiiei(mey, and of th<‘ laet that all ealculalions on the thermal 
ellieiency (d lieat (memes are neci‘^saiilv only ajijnoximale. it 
ajipears doubtful whetlnM' the Jfankine-Claiisius is a belter ideal 
standard of comparison than the Carnot Jn ]jraetic<‘ the aclual 
thermal (“fliciencv seldom exceeds (iO per cent, of the Kankine 
efiicioticv, and it is (jften V('rv much less. 

Rankine - Clausius Cycle with Superheated Steam.-If the 
temperature of superlieat is C s^od the siiecifie heat of super- 
heateil steam is k (see p. 57, Vol. I , for values of k), w(‘ can 
calculaU' tin; elFieiencv of a steam eneim* workmiz upon tlK*^ 
Rankme-Chuisius cvele bv imauis of tin' r (p diagram, a.s follow s . 


Heat su])plied ])er 
lb. of steam 


T, — re -1 • I- (, 


. ( 1 ) 


Work done })erlb. | 
of steam f 


area A B H K D 

- area A B C I) -| area B II K C. 


( 2 ) 


We hav(‘ alix'ady showm on p. 07 that— 

' Aroa A B C D - ( t, - - t,) (1 r, los,. . (3) 

\ T,/ . ' r, 

Now area B H K C -- area G B H L — area 6 f’.K ]j 

T, /■ lop, . . (i) 

Tt 

Because G B II L rejiresents the total increase of heat in jiassing 
from dry satuiated steam at Tj to superheated steam at (Ti -{- Q 
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Li'OTUke IV. —QiiFSTIons. 

4 I 

1. Expluiti tho cyclo used in Stirling’s rogonorator air engine, slinwing 
an ideal imlicator card. 

2. Sliow tliat on ilieoretioal grounds tlic elUciency of an ideal gas engine 
working between teinperaturos 'lb, 'J’j, and To of exhaust, ex[)losion, ami 
comjire.s.sion res[)ectivcly is 

1 -- log, 

'1', To T„ 

3. An engine coin|irosMiig to 210 lbs. ])cr square inch turns into w,oi k 
38 ))er cent ul tho heat .su|>piii'(l. Comjiaro tins with an ( 0 ii<;ieucy of a 
similar enginn w'orkmg with constant sjiocific heat.s, all heat being added 
at constant volume and expansion, :nid compre^.sion being adiabatic. 
(V I tl.) 

4. In an ideal air engine receiving lioat at constant iiressuro (specilic 
lioat 0 2375) and rejiading heat at constant volume (spccihc licat 0 IbH), 
the expansion and compression aie a<lial)a1ic, and tlie ratio ot cc>ui}>ix^sMoa 
18 ir> and o| expansion is 7. 'I'lu^ tcmijiiualuK' at the beginning ol cuu- 
}lres^lon is |()4 ' I*'. (72 ('.). 'I'be ]ue^su^<' at' the beginning o| comiui^^sion 
l.s 15 and at lelease 15 lbs p('i sipiaro m<-h absolut(' bhiid the uorlc done 
per pound oi woiKing .sul)Htaucc. Diaw tlie x -9 chait, Imdmg t.liice ]Kunt.s 
on the heat admissum and he.it lejcction lines 

5. ('alculato Ironi l^ho ste<ini tallies tlie maximum Wfuk obcamable 

fioju I 111 . ol diy satur<it(‘d ste.im when uoikmg Ix'tuemi ])U‘.ssure^ of 
ItKI and 2 lbs. jior .sipi.ire incli ab,solute [n] on tlu‘ Ibuikiiic eycle, {h) 
on tho Carnot c_\cie. Aecoiiiit lor tli(“ dilTeiem'i* ohiamed , 

t). h’lnd an e\pr(‘Ssion lor tho el'licieiicy of an ideal engine w'oikmg on 
the t)tto cycle, assiinuug air as tie* working subsl.uico. ami (he s[)(K'iiio 
lieat eoiisli.uit, Coinpaio on a tonijii'raturo liasis tlu' elhciencv of an engine 
working on the C.u'iiot c\<d<' with an (uigme woiking on tlio tJtto e\clo, 
botw(s.‘n the same limits ol tem|ieiatiiir. ' 

7. tsu])erlteat(id stream at a ])ressure of I5i> lbs. per square inch ali.soliito 
and tcMipciatuio 458’ l'\ (2.‘U) 7'' C.) expands adialiatie.illv to lbs per 
Hfpiuie ineh absolute; assuming the Kankine c\cle is billowed b\’ this 
ste.un, (.h'termme tlie |ionuds ol steam roipiiied |icr rioiii pi'r horse-power. 
W hat IS llio diyiioss ot tlio steam at tor I'Xpansioii ? 
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Li.iti'ki; IV. AM.InmCK 

1. 'Dit' lollowiiii: rt'sultN \\(‘i'(' i)lit.iui(“‘l from t!io nf a ('iil:iiu> 

\\urLin;i "ii tlio <lt1o (■\('I<‘ 


J)ina 1 inu i>l t<‘vt in inimiti'N, . . 'JO 

InduMtcO 100 

Total iriis uscil m cnlno . (l.SJ5 

('jilnrilic \ <ilin) 1)1 L.M.S )irr t ul)i' loot, in’li 1 ', O.^o 


(’It'aiaiicc \oliiin(', 1.') |><'i ot ])i'<1<in )li-'|>l.ir<‘i)H'iit 

Tind tli«‘ th('i Dial ollu iciic\ and t Ik- cllii loncx • i.it lo ot t lu- iMi'.'mc 

2* l-'iii'l the uoik doin' )ier j>ound o| -.tc.im 1)^ a ‘-ii>an( cn'.'ino woihnii; 
(,m tlio Itaiihliif <\<!r hotwta'ii .hij V and 1OJ I' Mow inaii\ j'Oiiml^ 
of -iteam .ilr i)‘(jiiii<'d |'<-i hoi'<■-iiou ci, i-Ui-n tin; IoIIowdil' ta!)lr ' 

11 thl" I.i( III' 1 .111 ni|i\ III 1 III I (ii il l.iii I(>|is Ilf 

' I , \\ .a I r till ol '^n im 

;h)2 0 .oi'.t I ot'.ti 

I.’>2 o-Jis i 

;i rxc (lie loliouitiLT tal'lo to di.iw a 1om]ioiaLiiH' l■llt|op\ diauoani. 
and I loiii il lind 1 ho wo Iv 'lone pel pound o| di \ atoaiii l»\ a poi lo< I I'lnjiin' 
woikiinj on tho Ihinlvino > vrln hotcoil l.JM th- pio 'ipiaio nn'li and Mi Hi- 
po| v,|\|.iir iinh ahsohito pie-'viiio'^. Al^o dctoi iiiiin- I In- d I \ in-'i'< ot tho 
attrl n\p,Vtision 





•!.')0 O,0l^ 1 

M) liio t> ;mo I Ti't 


1 . \\ hat tin- dilhoom-e liotuotMi llu' iTrointical Otto ainl Dio^ol cv) Ins 
W’hieli Is tlieoiotu a!l\ tho iimsl olln leiit, a'sutimnj: tho saiiio latio ot 
coininession in lioth ( ases ' W’tin'h i-, pi.ictn ,il!v tho most elheirut, .ind 

why'' • 

5. Assumino cfinstaiil speoilic In-.it, skol< K tlm thooiotical Otto c^elo 
both on the /< < and on tlio r o dia.'_M.itn, and i‘\]ilam the meaniuu ol oiU-li 
line iSn]K'iiinj.iose in eacli ease dia-iiains that inlaid lie obtained Ironi an 
ttclua! eneiiU', .status tlie eaUM's o| the dilTeienei'S hetwoeu tho actual 
and the theoretieal iliaorams. 

<i lOxptain tiic terms .speciln- In-at’ al (.oii->taiit \o|iime. and .s|ie<ilie 
heat at cofistant jirossiire. What \i<'ws aie now held as to tlie variation 
of tlieso spocdie heats witli tein])Oiatuie and with pressure in rosjieot of 
tho products ot combustion ot a Loas online ? 



LICCTUHB IV. 


7. Jti ;ui idoal Oiii^iiio cycle witli ( cmstant admission and back pressuro 
and Clines ol cxi>auHion and ciniiprossion pi” •• constant, shon tliat 
tlio arnoiirit ol clearance lias no elTect njion the ollicioney, provided the 
expansion is earned to tin' lower and tlu; compression to the liitiher pressure. 
'Wliat are tiui cfTccts ol' clcar.ince and coni|)rossion m ordinary luieines 

^ H. In an ('iiL'ine workni'i on the ilankincvClansius <nclo, the steam bcmcf 
dry salurateil at enlay, the limits of teinperatiin* are 1141' V. (latent lioat 
K<Stl llTh.r.) and llhi' !<'. (I.itent heat l.ttJtt ll.'rii.lh), the thermal elli- 
I'lency is 2.7 pm <-ent'. Jf the steam is mi pei hoati-d 2(10 ’ K. at inlet, calculate 
tlu' additional work done and the therm.il ellicieiiev. ]''xplaiu \\h_\ tlio 
aihlitiou ol heat as su|teiheat ]>ropoi'l,ionately more work (1) in 

theory, (2) m pia<-liee 

1* In a cas eie/me uoiKim.'' on t.lu' ()tto <‘\elo tho chNiraneci \oliiino is 
oiu' thud ol tlie \olume su(“])t by f’iie pntoii ]ior stroke l'■md the thermal 
<'llu )ene\ o| I.Ikm-oi ri'spondinL' ideal ail r\ el<- l''md also the mean pM'ssiire 
in till' ideal < _\ete il the pies'.tiio at th<' l)eamiiiiui ol eomptess|oii is l;> llis. 
per .spuaie inch ami it tlii' maMinum ]iiessine n thiee times the piessiirc 
at tlu^ end ot eomiiiession. '^al^^' tiu' latio ol spccilie boats as 1 1 


1(1 l''m<l an e\pi<'ssion for Ibe woik done pm’ pound ol steaiii by an 
oniiine woikinc: on l-he ilankiiu' ey<,le An eiicmo 'workiuc mi this (•\clo 
re< ei\es steam at .‘{7(» 1''. and K'jects it at 12(t l‘'.. and uses hi Ihs ol stieviu 
jiei limit jiei indiealial hoise-])o\v('i Comparo the elhcieiiey of tile eiriiiio 
with tliat ol a tlieoietieally jiorhad enciiie, workiiio on tlie same ev'le 
and hctwi'cn tlie same tempm'atuies. 

11. I''md the thermal ellleieiicy ol the Caiiiut eycle, amt also i-f tho 
Jhiiikine eiujme. lor the iaii,:!;e ot UunperaLuic ol to T, What, is meant 
by the tmiu " idlieieney latio " ? 


\e I,hat the t.heimal otli<'i('nc\' ol tho constant \olumo i^as-enemo 

T 
'I', 


c\cle IS *' ^, whore 'P, is the alisoluto temjioratmx' o| the cliaree before 


compri'ssioii, and 'P, is its ab.solulo temjieraturo of tho charge altel coiii- 
prossion. 



7;i 

l,Kr'|'n!K V. 

FLOW OF STEAM AND GAS. 

C.'N I i.N 1 '»1 (;,H or Slr.uil lIll-iUull .1 Nn/zlo 'll l’'|(i\V of 

Sti'.iin ttnoi:'.rli ,1 Xo/zli- ik <>titiM‘ i cU'IiIi'm'iI Imm tln' 'I’ot d lie.it 
<•1 tho S|<Min 'll l’ic-.vuif-; |i>r M.iMimiiii I)<‘Ik<'I\ \l i\innim 

I )|S('li,ui;n Vi‘l<nit\ tor SIimiu --Ntitiici kmI l-\atii|)lr^i ol 

Sto.im X'lZ/k". -Mnw «>l StiMiu tluoiij.li rifii''- -’r.i.lml.iti''l - 

dui' to l'',ll)OU>, V.tlxc'i. Otc N’llIlll'I UmI i']\.UU|>l'- I'low r)l' 

All tliioiijh Ikpo --(.Miosiioii- 

Flow of Gas or Steam through a Nozzle or Orifice. SiippuM' 
thiit sloan) nr o.is tluw.^ Iioni unr m-cIioii I .it |iii"'>uio /i, 1<i a 
spcoiul Moi-tioii '2 at Inwi-i [iio^vuit jH, aii<l ''U['[>(i>o tli.il llu- llnw 



13 adiabatic. Then the work done m the adiabatic e.K^iansion 
must all be e.Kpended in increasing tin* kinetic energv of the • 
fluid so that if tuKl r., leprosent the velocities at the sections 
1 and 3 .so that if a unit (luantity passi's, having volunie.s V, 
at 1 and V> at 2* we shall liave - 

p ^2 _ 2 

Increasi! in kinetic ciicrev . . (1) 

if, 

Each unit qunntity eiiteiiiie ...eetinn I lias work done on it 
Ly the fluid behind equid to p; V,, and iii pa.-i.siiio out of .space 2 
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it does work on the tluid iii front of it <‘([ual to j}.^ Vo, and the work 
done 111 tlie actual adialiatic (.‘xpansion (s(‘e cajuation (6a), ]). 11) 
1 4 Pi V, -- P2 Vo 

IS c<]ual to - - - ^ r, 

7-1 

Incnaise in kinetic energy • - total work done on Iluid 

Pi Vr- ^>.V, 


]>, V, - - ]>, V., ■ 


1/ 


y 

-y; 

But in adiahatic exounsiun, 

j'.vy 


- ?>. Vo), (2) 


Vo 




)'|V, /'.Vo /'|V| ;),V| 


("T 




n't, {i 


& 




\\\\ tluuvfonc have 


(y 'y, 


1- . C 


( 3 ) 


d'his is tli(‘ |Li(‘n(‘ral equalion for the adialiatic li<jw (d a gas, 
aibl’t makes no allowance for loss of miergy (hie to fiiction 
In the ordinary case of nozzh's or orifices aii:<iiig in piactice, 
the velocity ly, in tin' container in which the ])ressure is is 
negligible, so that W(‘ have for the outlet velocity of the jet-- 


/ 


2^7_ 
(y ~ 1) 


/'iVgl 


■2V 


■ w 



UATIO OF FKESjfURKS FOR MAMMI M I>KL1\KHV. 


Flow of Steam through a Nozzle or Orifice considered from the 
Total Heat of the Steam. Thr v.-lcu ity ol Av.wn l)a^sln^ tlnoii^li 
ji nozzl<‘ Fan also lx* aNcafioiii a consalriatiou of its loss 
of total boat, as.suiiiing a<hai)atK- cxjiaiision (I II, is tlu' total 
liaal in lliorinal units pm’ txiiitul of tin* ''loam hi'toio it ['.('••'OS 
into tlio rioz/lo. and !!> is tlio iot.i! In-at ,is u onimLO”^. tlnm it 
tlio initial Vi'locity is tioohyililo. wo shall lia\o 


.1 (II, 


(o) 


Tho valuos of 11, and 11, (Mil If < on\<‘nioiit 1\ obtaiiiod l)\ 
inoans of tlu' Mollioi dia'ziam otiioi w i'.(‘ wo nia v w oi k a" lollow s, 
taking-', an<l a, as tho (irvn<’S' ( orllirnait ol th>‘ -'toam l)otoio 
and aft-'V expansion 


II, 

II, - ; ... I., 


- <J 


(f.) 


r, ran ho ol)tainoil h\ moans o| th*' r fp ohaii loi '.(oam in ihi' 
inanii'T indioalod hv tho diautam on p 'J'* 

'O' if Tj and T, .no Iho cm lospi.ndnii: Ifiiipoialnio'. wo shall 
lia\. 'i - s', • r, T,. ami h\ oipialion (S). p. ‘Jo. 



Kioiii this wo can oalciihil' 
Ho sh.dl ha\o 


. uL siihst it nt inji in <'ijUal mu (id, 


1 




^ 'f - (V- T.l ( 1 


-lo-,. 




1 ■ 


Ratio of Pressures for Maximum Delivery. If \ i^ tho aroa 

of tho onfico at tho point wlu'io tho \oloutv is i\. tho \\oi;:ht 
W discliarood por unit of turn- will ho oivou hy tho lohilion 


w = 


volume <hs(:h 
voluim 


■d poi unit (imo 
ot unit womht 


A 0., 

V? 
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l^’ioiii (‘(juntidii (1) 

i\ 




W - 


1 

V, (''' )■ / 

\vJ \ 




I 




\i',J 'i < > 


' (7 II V/'i/ 

\ / Mj, (s) 

V (7 I) ' ''/'I' * 

'Tills w ill ln‘ .i iiiii Mimiiii u Ill'll' * 

/ T- 'lY - ( '| Y IS a inaxiimiiii. 

'?'i7 ?'i ' 

If we writs ( - iiirssiii'c raliii J>, wr shall have 

' Jh/ 

•2 1 _ 

inaximuiii lldw wiiiai },^ — /,» inaxiiiiiini. 


I 


t.c., when 


{^'py ^p )_/ 


(1 Tn 


2 --1 
{.€., when — r„Y 

y 


i.e., when 


i.e., when 


r„Y - 0 


r„Y 


-1 1 


' r +1 


f,,Y V 

Ul y + l 

^ jiY o’ 




Nl'MKIMfAL K^AMIM.I>. 


l.e., wlUMI Tp 


e-T (A'V" 

GIt): 


• 1 

W-l, 


(‘■n 


Maximum Discharge and Velocity for Steam. For di v s.iiuratrd 
jteani wo may take y - 1-135, and e([uatii)n (9) jj;ives - 


f'p = •3" 


Substitutini^ in (Mjuation (S) for tlu^ valin-. and takinj,^ A iii sfiuaia' 
eet. in lbs. ])or squan' ineli, and V, as cubn^ fret per jioniub 
.ve ^et— 


W (in pounds per s<*rond) 


■13 A 




( 10 ) 


5r, if we take the area in square inches and the How in [loutids 
)er minute, we shall have - 

flow of steam in jKuinds jter minute - 18 A ■Jl' (i;!> 


?'i 


Uankine's a])proximat'‘ formula gave 

. Klow in ])ounds p(‘r minute 


6 A p, 


111 ) 


Substituting kn (‘i|uation (1) tlin above values of and 
Oiall luive 

Vlmaj- 'll! V;'l V,.(lb) 

Numerical Examples. (1) Plot a fluopam shon-ux/ thr tnaxtnunn 
low of ska)ti ui *}>ounds pe/ munih’ pu.s->//a/ Ihroiuih on oi 
1 square inch ni oreo) ftO)n a .s'puee (he ptcssuic t)> irhwh vtirics 
'rom 50 to 150 lbs. qwr sfjuorr inch 
In this ciwse the area is I s(piar«‘ ineh, so that A - 1. Wi- 
^ill, therefore, ta]>ulate as follo\ss ■ ~ 
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Th(‘ n'^ults of formula (1:^) an* jih+ttad on tin' accompanying 
liiagrani, from which it is clear that for all jiractical jiurposcs 
the curve may be taken as a strai,u,lit line, and tin' tabulatoil 
(ieiircs show that for most practic.d purposes Itankinc's ajiproxi- 
tiiate formula is sutUcicntlv accurate 

(2) Dnj S(duY((l('d steam parses llnoiuih cm 0 )ificc 1 sqiuue uteh 
m tnea fiom a n:sscl ca n/nch (he piessnre is 100 ihs. per square 
tin It (o a vessel at loaet pressun' Plat a diaqiam shointai the floir 



f)l OiUAM MlOWtSO M WIMUM I’LOW OF StK \ M TllKOUim \N'0]{IFI<’E I 
IN( If IN Atu:v from a Contvjnkr at Vahiocs Prfssurks. 


)/ steam thronqh the orifice ivhcn the piessure in the other vessel 
‘Janes from 15 lbs. jier sqaaie meh. 

According to formula (8), 

•. / ■ 2 ,1 
W A / P.l t f t‘\y _ f T 1 
V (r-i)'v, {\PiJ \p,J I’ 



so 


i.Hrri'iu-: s. 


I 

I 

r, 

Tp ,. 


fn our case, y 1*135. p^ -l(i'> \\)<, pi'i' s<]uai<' inch. V, 
- - ‘1-40 culiic f(M'i [nT 11) . A I s(|UiU(' f>o tliat we liav(; 


ir, w A / -''y h.>,y 

\' (y- 1) ■ V. ' " 


W 555 \ Cj,' Cj,’ llx |ior iiimuti'. 



I)i\(!i:am showing .Flow ok Stk\m tiiuouoii \n Okii'Ici: 1 Sq/Inoh ix 
Akka ruoM A Vksskl at IOO JjBs. I'Kk Sq. Inam to v 

VlvSSKO AT Dll'KKllENT rUESSURES. 


Wc can then tabnlutc as follows :— 




15 

20 

30 

40 

r,o 

1 

70 

80 

90 

Ti; 


■15 

■20 

:to 

41) 

■.■)0 

^ ViO 

70 

80 

90 

ry 1 

'» • 


or.8 

120 

108 

29.7 

400, 

.733 

07.7 

830 

r,.' ‘ 

’» • 

■028 

018 

■104 

178 

■272 

1 ■382 

.711 

0.77 

■820 

fj,' ‘ 

’ — r,,i 

007 

010 

OK) 

020 

023 

; 024 

022 

■018 

010 

w, 


40 8 

OO 1 

70 1 

79 .') 

81 7 

^ 8o^8 

82 .7 

73 S 

.70 4 







DESK-V OF STEAM NOZZLES. 


SI 


On plotting; tliOM* results wr ohtnm tlir (Tti\.‘ shown; fioin 
till" eur\e it will In' scon that the iiMMimnu lh»w occuis wlicn 
the pressure in the seeoinl chamher is lio Ih-^ [ku scju.ne ineii 
ainl IS e(|ual to S5-S Ihs p(“r jiiimit'', thus a;tieenie with th(‘ 
lesult w Inch w<* obtaimsl in the pre\ lous e.\aniple 

Design of Steam Nozzles. 'I’lu* velocity and vmIuhm' of the 
-'team both iner«‘as(' as tin; Ilow |no<‘e(‘(is thiough a nozzle, and 
if we- assunn; frictionless a<li.ihatie How to occur, it is <‘as_\ to 
c.dculatf' the form of the nozzle so that the area of cioss-s('ction 
is e(|ual to the volunn' j):issine; per second divided by the vcloeity 
liv this means eddying of the st('am will he minimised. 

Sup])os<' that we liavc steam imlially dry at a (sTtaiii pressure 
Pj, then the dryncs.s coellicient x at any olln'r pn'ssiire j), assuming 
adiabatic ilow, can bo calculated fiom .Molher's diagiMiii. 



We can also calculate the velocity by the relation 


2 -/ 


.1 (}!, H,), 


and. knowing the dryne.ss coefficient, we can tind the volume 
)KT Ih* of tin; st('am 

In ])rackc(‘, the siz(‘ of tin; nozzh‘ at tin* nanowest section or 
throat i.s <h‘termined from the nunilxT of lbs of sleani wliieli it is 
reijuired to (li.-.charge per minute. 

Then, by equation (IT), we have 


A - 


W /V, 

18 V 


where A - area in square inches, 

W -- required discharge in lbs. per minute, 

Vj --- volume of steam in cubic feet per lb , 

Pi -- initial pressure of steam in lbs. per sfjuaro inch. 

The ar«a required at the outlet (ud at a given j)ressure can 
then be determined by the aid of the Mollier diagram in the manner 
previously referred to. 


r, 



i,K< ruRr, V. 


S‘2 

liv coniimiin^ tin- expansion in a <!iV(To<‘nt nozzle, as used 
in tile do lia\ai turl)]nf. after ttn* thioat is passed, fiu' amount 
of tin* discliaiLO' is not increased, Imt tin* sleani is caused to 
ac(}Uir<“ a ensitei exit xadocitv as it liaivcs tin* nozzle, Ixa'ausc 
an iiM'iease i-s ^'iven ln (lie ian|^e of ju'essure tlii'o\ie]i winch the 
expansion isellia'tne lor pioducni^ velocity 

Flow of Steam through Pipes. Wlum a ilmd Hows througli a 
pipe o| (onst,int < ritss s,.( 1 lull there is a loss in ])iessure due 
loll let Kin ahine 1 he sides o! t Ik* pipe 

I'A pel iineiits ha\ e sliow 11 the loss of jinsssiive at eoni})aratively 
low \eioeilK‘S Is piopoilion.il to the sipiaK' oi the Veloeity of 
the liuld and to the h-nyth ot the pip'X and is in\'ersely piojior- 
t lon.d lot he diamet er of t Im jape 



i 

\ 

\ 

1 





0 


We may expn^ss this in sMiihols in the following ntanner 

a,- A . . . (1) 

where f ■ a roiislant (h‘pt'ndmg on tlie roughimss of tlie I'ljie, 
r \idocity of lluiil m the piiio, 
il diameter of pipe. 

-V 1 A 

Now, if tlie ijuaiility flowing per unit time is and A 
IS the aiea ol tiie pi[>e, wo liaxC"- 

Q A,)-. 

_ iQ 

‘ Ad*' 

or .(2) 



or m'i;am \o//i,r>.. 


8:> 


Expeninciits show that thr constant / xajic.s slightly '\itli tlie 
diameter of the pipe, and is app(c»\iJiialeJ\ ja'opoitiunal to 


The fornuila usually u.^fd in praetici' foi the Ilou of >leam is*^ 
of tlie abovi' tvj)c. and t.ik*-s (he ft)rin 


U' 


[ii t Ills formula 


1) (/■', /'.) 

V '('- 7 / 


(■i) 


• \V weight 111 Ihs per iiiinule 

I) weight 111 lbs ])e[ ( uhi<' fool of sic,tin 
/h> Pi ' - pr<‘^.uires at Iteginniiig and end of pipe in ihs. 
]ier square ineli. 

(/ diameter of pipe in Mieli. s 
/ length of pi]e' in fci-t 

Vetoidmg lo the hainlbooh, issued h\ .Messm i‘,,ih(o(h 

<V Will o\', Idii , i( has Ix'en tom id in pro in c (Ji,ii | he m(»s| < Hi- 
( Iclit .speed t hlolioh [il[)es Is as iolh.iU s 

In) For pip' ^ up to inehe.s m ill.i Iin t er, To leet pel --.((ond 
lo. .iUir.it<-d ste.uii, .ind l<ill frrl pi'i si'oiid foi siipeilnaled 
steam 

(h) I'm pipes To !) iliehes m 'l)aiiM‘1(r, ‘.HI lert per se(n|id 
for s.tf iimted ste.im an<l i ’JO feet [jei set ond lor mpi i heal ed l earn 

(o) h'oi ^upes |n inches m diaim’lei ami iipwaid-, ‘.Hi let pej 
second for s.llinated steam .linl 1 I'l feel pei se( 0 !id fo| sltpel- 
lieaTed steam 

ill Using tlie abo\e tiguie, it should be liollH' III inllld thal 1 he 
volume per II) of superheated sicani |s iiieatei than pei lb o| 
saluiaT(‘({ steam m ihe following lalios 

' 1'. snporheal, loO I leO ! I^IJO j t'uu 

: , . ! ! 

tolunio ratios, I 15 [1 2.5 i 1 (to I .tn i I t4 

' 1 ' i 

'Idle following tafile gi\(‘s the weight id steam flowing for 
1 lb. per*,squaie inch loss of [insKUie foi various diaineteis of 
]>ipe and [iressure.s of steam for any other loss of piessure 
ii\u]ti))ly by the square root ot tlie pressure loss -- 
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Losses due to Elbows, Valves, etc. Tlir of lu.ol <luc to 

ootliiiij- up tli(‘ V(‘l(K‘ity, to th(' |'1 |h\ .hk! I'ii'-'iuu rl!>o\\>. 

ari<i \uKos will j'^ducc the jl«)\\s '_o\rii in llic t.iMf 'I'ln- ]<‘v|^i.in«'r 
at (‘iiti'anrr and (hi<‘ to !i vaU.- <tt usual t\|M- max' itc takm as 


that lor a loiiLilli 


to ' 


[ 


I'or I li*' l:!\ I'll III t hr 

'f/ 


al)o\ (■ lahlf 1 lii'.v-r coi respond to 


✓ 


Di.iinclcr (i| pijie. j 1 2 2 \ .1 t tl S lu 12 le 18 

iiiclu'v. : 

I 

KHiiixaleatloiiith 2U 2-') .‘U 11 IT .*.2 '>0 i>() 71 Tti SI SS 02 05 

iti diainetei-s , 


T1m‘ lesistatiee ,|| ;in elhuW lliav he t.d^eii ,in . •( | U 1 \ . 1 1 e 11 1 to 
loi'ptlis e(jiial (o Iwo-llouis ot the aho\e \alne-v 

Numerical Example. tS/i()ii ll/iil ihr Jfin - jiD'i I , 11 (t 11^)11 till ii 
ui tt slciiii pip'' innij l.‘C liflyrn ft I nmili I If (niif l/ic [Ion o/ 

ni iiiDtiids pCi 

II a xolunie cul>ie feet ai pie-''Ui<‘ p Ihs -ft - p.i-'seN in a 
lllllinti', the Wol'k done p<‘i iniriute p \ tl.dhs 

I I' ^ 

lioise-nowel 

‘ ;{;3A>o 


•. it the weight passine pel ||ij|inle \V. ainl tlie \o1uine 
ot steam pin |h V,, the voinin<‘ \’ \V\',, and w e lia\e, 

if j) !S the f)|es'-nie per silliaii- llieli. 


I lotse-pow er 


III/) V. w 

It 10 


a W 


Xou tabulate the follownm values fioin f)ie steam tables 

V. „ j 


oO 

: 8-42 

1 81 

111(1 

■ 4 10 

1 02 

150 

:t 01 

1 07 

1300 

i 2 20 

2 00 
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The above rule, tlier(‘furo. which stales that a is a}»])roxi- 
inately (M[ual to 2, is proved to Im* corixs't 
Flow of Air through Pipes. When air Hows thronjili ]ii])es or 
conduits a loss of pH'ssure o'^ urs owing to the friction between 
the air and tin* interior sur!ae<‘s of ^he ]ti|)»'s. The resistance 
dm* to friction is generally considi'red to be imipoitional t<) the 
surface wuth winch tlie air conies in contact- that is, for (‘(jnal 
volumes passing, tin* loss due to fiiction vaiie.s directly as the 
length of the jiipe and inveisely to the dianu'ter ol the pi}H'. 
The loss also varies ns tiu' s<(uare of the vidocity, and is l»est 
cx]U'essed hy Wh'ishaeh's well-known formula - 


h -/ 


/ 

d 


2'/' 


Ill wddeh/ coi'frieieiit of resistance of friction deicrinined by 
c\'])ci'im(‘Ut, 

I ----- leiiglli ol ]>ip<‘, 
d diameter oi pipe. 

V --- V(‘loeitv of the air. 


<1 ■ acceleration due to gravity. 


This is a variation of formula (i), p 82. 

The valu(‘ of imtmallv controls the lesnlt, and this co- 

eflndiml. depends both Ujion tlie material ol winch tin* pipe is 
coiisiructed ami tin* natun* of the internal smtaiac Jn llie case 
of a galvanised-iron ]‘ipo, wliieh has laam caiefully mmb and 
ereeted with all int(‘rn:il lajis extending in the dn'<‘ct^on of llu" 
air movmnenl. the following forimihv. with constants in luund 
numbers, have b<*on ih'duced. ami ar<', cmplo\e(i bv tlic Stuvtcvant 
Kngim'enng do., Ltd . from tin* gmim-al formula mentioned 
above ; 


/ li2 


A/-jr),()(K) d j) 


^ 25,000 ^ Iv- 

^ ' 

In all of which p - loss of jircssnre in ounces ])ei'square inch. 
V velocity in feet per second, 

I ----- length of ])ip(‘ in h'ct, 

(1 — diameter of pipe in indies. 
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If we take the weif-lit of ] cubic foot of ait iii roiinil nmnlicis 
as 0-08 lb., and expros.s the area of tlic pipe by .\, tlic Iioim-- 
power lost ill friction iii a pipe |(K) feet loop iiiav be (letennined 
by the formula 


11*V. 


pA r 

s.sou* 


By luoans of tlicst* formula' tli«‘ l()s^ tif [iirsMirc .md Imu.sc'- 
|)o\vor lost ]n frictiou may he o\\^\\\ calf nlalrd joi an\- m/<- .hkI 
length of pipe with ail tiavelling at dilhaetil \eh)eitit‘s ,‘\- 
jiressed in feet pel' minute. "No allowaner ha'< itecn made lor 
differenee.s of lempi'ialures hetweam one end ol the pipe and 
thc.otfier. In praetiee this is usually \eiv small, and <an he 
neglected. 

For auv other length of inpc oilier than l(Hi Ird tin' less of 
piessure ami hoise-jiower letpiircd will Ix' dinalK piopoi 1 lonal 
to the. lengtl] l^y working out a niimin'i ol e\;imples oi hv 
jilotting eiiives from llie aho\(' lormuhe tln‘ d.'siiahilit \ of m.ikmg 
pijies ot am[ile area will Ix' em]>h;mised Suppose, hn e.\anipl<' 
it IS desired to move a gi\en volume ot air such that il passed 
through a ll-iiieh jiipe it will gi\i' a \eloiil\ ot l.<H;i) jeel pm 
minute, tin* horse-power lost m liietion aeeohlmg to the loimula 
would be OImB). If the same \ohnm' weto p.-isved fhioiigh 
a I'J lucli pip<‘, wliieh, of (ximse, has lorn times the aoM, the 
velomty won hi only lecjuire to lx* ojic-lom th as great oi- I ,(ie< 1 11''^. 
per minute, and tin* loss m hoisi'-power, aeeoiding to the loiitiula, 
wouhC only bi* O-OlOS, or <me 1 hiit v-s( eond ol that rxpi'mhxi 
in overeoii^ing the resistance of a b-meh j)ipe 

It Is, of course, (plite pos.'^ilde, aii<{ imlrrd dcsiiahhe lo design 
the pi[>e lor jiassing air so that il is the most satislaetoiv ftom 
every point *of view, both as to (list cost ami as lo the power 
required to move the air through the pipe d’he best solution 
is oliviouslv that wliidi satisfies both conditions simnltaiieousis 
In many cases, esjii'cially wlieii l.irge \ohimes ot air lia\<‘ to lx* 
jia.ssed through pities of considerahli' hmgtli, veiy careful euh il¬ 
lations should be made, in onh.'r to make suie l]i,)l the <iesign 
to be aduptcfl fs the most economical one ])ossihle 

It should he noted that tin* formula' only give tin- Innse- 
power which is absorbed due to tin' fiietional osistanee For 
moving t>lie air the power required foi er<'a1ine the neiesviny 
velocity must, ol coun-e, la* adih'd To tliat which will he lost in 
friction, in order to arrive at tin' total powei m‘i.es‘'ar\ Fhe. 
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-amic or kinetic energy alioukl, of course, be calculated from - 
the ordinarv formula— 


‘where H -- the head required, 

1) : - density of the air, 
r -■ the velocity of flow, 

(7 ~ acceleration due to gravity. 
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Llctuki; V.—Questions. 

» 

1. If steam at pressiue (^aiigo) of 2(I0 11)S. \)or square inch and counter- 
pressure 2*4 lbs. per square inch absolute is expanded ndiabatically m a 
turbine nozzle, find the velocity ol <libcliargo oi the steam and lind the 
number of lbs. of steam per H P hour, if the steam loaves a p'ricet 
De Laval turbine with 34 per cent, of lU initial velocity. .-1//5. v - 3,780 
feet per secorul; 10 lbs. of steam per hour. 

2. Find an expix^ssion lor (he Ilow of stonn tlirough an onlicc, neglecting 
friction. 

3. iSliow how to determine, by aid of a t cp diagram, llie dryin'ss (raction 
of .steam when expanded adiabatically. Dry steam, at an initial ])ivs:^uro 
of 100 Ihs. ]>or squaie inch absolute, is (“X])anded adnibatnially down to 
20 lbs. absolute m a nozzle, vliich allows 1 lb. to ])ass throiigli it per .second. 
Determine the dryness of tlio steam and the .sectional aiea of the nozzle 
at the lower pressure, using the data given m the accomi*anying table :—• 


; pri'-viiri* ' 



\ oliinic 


1 peiiiHK 

'rciiipci iitin c 

' r-a.d ii<Mi 

< IlIlK 


JH-I 

, '<! Ill 



ft. 1 

V\ ,ll< 1 .''tiMIll 

; 20 

luS-iF ('. 

M3-2 (('.IT U.) 

20 0 

0-337 1 733 

i 

(228- If ) 

(1.157-8-F)(BT.U.) 



; 100 , 

164 2 

(502 0 (0.11.11.) 

4-44 

0 47.") 1-609 

! 1 

(327 6^F.) 

(1,101 (V F)(B.T.LT.) 
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Lki ti i;k V. -A.M.Inst.C.E. QuI'.stions. 

1. A (livcijfiuL" IS .su|»|ilieil witli siiih'iIkmIlmI s((“ani at a invert 

pi-pssurc, and (*x|iaiids llio ■'((‘atn lo a lowt^r Jlr<‘s^u^\^ at utiicli llie ciualitv is 
Show liow to <'alctilat(‘ tlu' diainetcr at tlu^ throat and at exit tor 
a yivcn diHchar<:(' and }i<<w to dclcitniiio tiio \L“l<ieit.y ot tiu^ sl<'am at. exit. 

' 2 Saturated st('ani at ititi Ihs. atinos!|)lionc ];iessuro {t -- d27'0 F.) is 
allowed to expand Irom mie \es-.rl to anothei, ineieaMn^ it'^ \olunie live- 
told. Assnine tlu' v(‘ssels to i)ave non-condiietiny w'.Uls and that tho 
stcani was initially dry, find the pe(('en1a;^(‘ ul inoistiiie at the en<l ot the 
]irooess 'J'ho volume o| (ho wat<‘i ma\ h<me”Ieet<‘d '!’lu‘spe.'.ilie \olumo 
o| JaiiturahMl steam is j.’iveii h\ the erjuation - ' 

Loa„ 2 5l(i - O-lldO lof» -p. 

Ijateiit heat ol evaporation 1,01)2 - U-T (t — 82). 

Ijower tem])eiature - 225’F. 
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MECHANICAL REFRIGERATION. 


C'oKTi-.NTs —-lU'Vcrsccl H(Mt Jliilihvo' as Kcfi iiil: ^bu'liiiu's (\i- 
<'nici(.-iit ot I’erloniiaiice- -Aii Macliim's 'riic UrII- 

('()I(‘iiiari M;u-liiur'—\^ijKnir IJcl u^oiatiiai MariiiiK‘s Meal (’(X'llii u'lil 
of l‘(*!loiniim<'o ot V,i]K)in ll(“(ML;<Ma(iiii: Macliiin's -'I’Iiut Sl.iiidaid 

t'aso.s- d’yjHcal J>es('n])tioii of A'.ijKuti ('oin|)ri'ssii>ti i\laf-limrs ,ido|it<'il 

HI I’ractico—Tho L'rotluotioii of Wiy how 'IViniHMatnif^ (^)\it's(i(.ii- 


Reversed Heat Engines as Refrigerating Machines. Tlu oidinai \ 
heat engine, as we liave altcail} m-'Mi jn stiaiving tln' .smuui 
law of tliernKHlynaiuK's, takes lirat iioni .i lioJ l)o<l\. peiioiins 
work, and rejeets tin* veni.nning iioat to ,t i-old body. 

If a heat oigino, he rexeisrd it will alisoth heat tiom tlio <'ol<i 
body and will lian^ha it hi the hot hodv Aeeoidiiio to oih‘ 
manner of expn'ssjng tlie setond law ol ihejniudui.nines, heat 
cannot be transferred Juan a cold body to a liot. bod\ without, 
tho expenditure ol work, and it l^ tins woik that, lie* reliioriatino 
niaehiiio lias to peifoini 

A n liigerating niaehme, tlieielote, Iwais tlx' same relation 
to an ordinary heat engine as a eentiilugai pump does to a water 
turhine^ for tins lea.son r'diigetating maelim<‘s aie often lefmieil 
to as ie'at pumps ' 

Coefficienfof Performance. 'I’lie most .eoiionmal lehigeiatmg 
niaehme will clearly he tin* one whieh will <‘Xliaet the gfoate.st 
numlier of lieat units from l!ie <-o]d l)od\ lor a gumi e.\|>eiuliliire 
of nieeliameal work. 


The 


(luantitv , 

* woik 


•ailed 


he.lt e\tra<'ted 
i-xpended in he.it units 
efficient of peifoitiKiiu^e (hj 

It follows from the second law of thermodynamies that if 
T/i is the, absolut(“ temperature of the hot body and t, i.^ tliat 
of tho cold body, tlie maximum jiossdih* eoellicient of jieiloi maiiee 
will be— 



(1) 


For an engine, thendony working to a gu'en lower temperature 



v;. 


■m'. 

Tc, the most efficient arrangement is that in which the rang?' 
of teinperature is small. 

To cool a large quantity of a substance through a few degrees 
will require much less energy than to cool one-tenth of the 
amount through ten times as many (legrees, although the amount 
of heat e.xtracted is the same in both cases. 




Air Refrigerating Machines^—The Bell-Coleman Machine. — 

Refrigerating machines are of two main types—those employing 
air as a working substance and those emplo)’ing vapours 
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In the Bell-Coleman maeliino, which was lit one time used 
m many frozen meat steamsiiips, the cycle employed is prac¬ 
tically a reversed form of the Joule eonstant-iiressmc cycle. 

The machine draws air from the cold chamber and comiuesses 
it; the heat resulting froiij the coinprossioii is removed by 
passing the compressed air through a coolei’. The c,om|iressed 
air is then expanded and becomes chilled in the jiroeess, tlie cold 
air being then returned to the cold chamber. The amount of 
work which has to be expended m maintaining a certain tempeia- 
ture in the cold chamber dejiends, of course, upon tin' h-akage 
of heat into it, and, therefore, upon the heat-in.sulating (|Ualities 
of the walls of the chamber. Hollow walls with (he ca\ities 
filled jvith powdered cork arc commonly em|)loyed in iiractii'c. 

The indicator diagram shows the cycle of ojieratioiis, which 
' can be summarised as follows 

(1) Air is drawn in to the jioint (h 

(2) The air is compressed adiabatically to B. 

. (3) The compressed air is driven into cooler and jiasses into 
the expander, the volume BE having contracted to E A, due 
to the cooling. 

(4) The cooled compressed air is expanded adiabatically to D, 
and passes into the cold chamber. 

It will be clear from the analysis of the con.stant-jire.ssure cycle 
given on p. 62, the maximum possible coefficient of performance 
of this engine is given by- - 

. P„ = - 1 -. 

Ta - Tu Tu — Tc Y-> 

• r — 1 

Numerical Example. — Find the maximum poxsihle coefficient 
of performance, of a Bell-Colcman refrigerating engine, which com¬ 
presses from one to four atmospheres, the temperature after com¬ 
pression being reduced to 60° F. How much ice from and at 32° F. 
■ can be produced per I.II.P. hour? 

Referring to the diagram on p. 92, we, have 
T* - 461 -f 60 = 621. 

Td = ^ = - 350° Fah. = - 111° P. 

414 
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Ti, 


.%() 


3.50 


l.ll.l’.-liour 


T,i - Ti, ')‘2l :>V) ]7I 

7(S ^ 

2,550 IJ I'h L’ approx. 


-• 2 * 05 . 


'Pile heat t(( be deilucted ])er 11). from and at 52 F --- latent 
lo'at of ice - 1 12 B Tli V 

Now, lieat extracted work (“Xjieiided coedichait of per¬ 
formance. 

ff .X Ib.s aiT eon\cited into icr 


1 12 -• 2.550 


.i 



2 05. 
2-05 


36*8 ]l)s. 


Vapour Refrigerating Machines.- In most nmib'in ndrigerating 

maelimi's tin- workmc sul)staiie(“, instead of bein<; air, consi.sts 
of a U(]nid ol low boilin^u point sneli as caibonie acid or carbon 
ilioxid)^ ammonia (N]l;(), and snlplmrons acid or snlpliur 

dioxide (8(,0), tin' tfnamal [H'opeities of which aie uiven on 
pp. 10-12. 



Those engines,* therefore, correspond to stCaiu engines, and 
they usually follow a eyede corresponding to the Raiikim'-Clausius 
cycle run backwards. 

At this stage we will remind the student tliat thertt is thermo¬ 
dynamically a distinction between a “ reversible ” cycle and one 
♦ See also diagraiumatie view on p. 99. 
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which cau be worked in a levci'ic (lir<‘ctnin. The Kankiin;- 
Ohiusius cycle, for inst<mc(‘, is not “ rcv(‘rsil)lc " in the scum' 
defined on |). 12, but it can be run in the reverse direction, 
for a cycle to be reversible,'’ all the heat must be taken in at 
the upper temporaUire ]imit->and all the heat must lie lejt'cted 
at the lower tempiuature limit. 

The c.ssential portion ot tlie machine consists m the evlmdei 
or compressor, the condenser, and the refrifferattu- or evaporator 

The, first }>ortion of tlie cycle is ic'pre.sciited by DC on the 
diagram, and consi.sts m the outward movement of the piston 
thus drawinj^ vapour at pn‘ssiiie p, and tempeuature into the 
cvlmdi'r. During this phase the valve* is closed and tin* 
valve,Vo is open. 

The piston then moves m and <'om[U‘es^es the vapour appioxi- 
mately adiabatically until its pressure is both val\(*s V, 
and V.^ being closed, tbis oixu'ation is n'pro.sented b\ C D on 
the p V diagram. The v<al\e V, is llum o[)ened and IIm* v.ipour 
passes into the condenser. this condensor is usual!) kept cool 
by water surrounding a coil of j)ipcs constituting the condenser, 
and the heat generated bv the coni[>n‘ssion is witlubawn hv the 
water, so that the vapour oond'Uises under the pr<‘ssure to which 
it is suhjeeted . this phase, is repr<*sent(’d hy l> A on tlie pV 
diagr MU. 

To complete the cycle, the valve V, is opeiK^d. ,ind an .iinount 
ol Inpiid eijiial to th.it which has heen add'“d hv condensation 
passes down into the refrigerator, the pncssiitc falling from p, 
to P 2 , i^ns stage is ro])resonted by .\ D on 1 lie p V diagram. 

Ideal Coefficient of Performance of Vapour Refrigerating 

Machines,- We c.in (hslucc the ideal cocHici<'nt ol perfornianc(- 
for a. rcfiigeratmg machine working according to the cvclc [uc- 
vionsly desenited hy the following considcnition of the ti'nipera- 
tuic-enti'ojiy diagrams 

Three cases should be consKh'i'ed 

(1) Vapour w(‘t at end of com^tre.^sion. 

(2) Vapour saturated at end of compression. 

(3) Vapour saturated at beginning and su]H‘rheated at <*nd 

of coniju’ession. 

Corresponding to these* tlire'e* cases we have tlie compression 
lines C, and Cj B^ on the r rp diagram. 

The work done in the compression cylinder per cych* in the 
three cases is represented by the areas A K Cj Bj, A F C, B 2 , and 
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AFC 3 B 2 , and the total heat taken from the refrigerator per,_-i 
cycle is represented by the areas F G Kj Cj, FGK 2 C 2 , and 

FGK3 O3. 

But as the liquid at temperature passes through the throttle 
valve into the refrigerator at temperature Tj, it will give hick 



Ideal Tempekatoke-Entropy Diaoram for Vapour 
Refrigeratinq Machine. 


thereto an amount of heat equal to s (Tj t^),. where s is 
the specific heat. This heat is represented by the area F G J D,. 
so that the net area withdrawn per stroke in the three caseh; 
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will be represented by the areas DJKjCj, DJKoCj, and 


Case I .— Viiponr Wet at End of (Jompiessioii —In (Ins ease 
tile closing line of the t (p dingrani is (J, Bj, the dryne.s,s coellicient 
X at till' clo.se of (lie coinpre.ssion being represented by the fraction 
_ A B, 

abV 


We then have— 

t'oefticient of performance * Pr 


heat extracted 
work doin' 

area I) .1 K; C, 
area A h' Bj" 


Now, area D J t\ ■ - area F (t Kj area F (1 d D 

- area F tl 11 F I area F II Kj (*, 

- area F (1 J I) 

=- F B (FF h F (',) - .s (T, - T.,) 

T.(^slog«^' i ---.sfTi- TO (1) 

And, area A F 0^ -- aioa A F (I ]l -J area A H K, B, 

- arf'ii 1^' (i (\ 

/ \ I ^■'1 

s(t, -- r.) 1 ■ . Ti 

-- (» (Tl - Tj) - .S Tjlog, \ (2) 


> f s lo( 




) -Hr, - T.,) 

(sW~^){r, -r.^-sr.Ao!r,h 


:■ (b) 


Case Il.-d-Vapoiir Saturated at End of Coinpessinn.—In this 
case we have— 
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of [H‘i'foinianc(‘ ---Pc 




/ j-ji \ , Ti 

1^5 ■- ~J(T^-- r.^) - 5 T 2 log, -- 


(4) 


Tills it'suli is (ibtaiiu'd by ])utt!iig x =- 1 in equation (b). 

t.Vf.si’ III. -V(ij)(>iir Sdlurafrd at Jh'fjinninfj cuid l^upi’ihcafcd at 
Eml of Ooiiipicssion. In tins case we have - 

/I ,r . f I- i> iu-ea I).! K.jC;i 

( oclliciciit ol pcrjorinanee - Po --r ,, ,r. 

arc'a A h t ■ j Ijj , 

New, if s' IS tie specilic heat of the superheated va])our and 
/ IS the amount of the superheat, thi'U we shall liava-- - 


K, K, - -.s'logA-'^ 

Ar.'uJi, K. lv,B, sO. 

Area, 0., Iv,, K., - T. s' hif;,. 

Ti 

AlS'a B, B., - - s' t - To s' loa, \ 

Area I) J K;, (', 

-- area 1) d lv> i'., | area C, Ko Kj b'.i 

Tj (s l(ig,. -‘r s (t, - TjIA t,s‘ K)g, A 

^ - Tj (^sloa, ^ -1- s' Idgf-'y-s(T, -- Tj). . . (5) 


Area A F IS,, 15, 

: = area A F B, B, A avra B, F, B, 

ts-l-h)(Ti— T,) —STjIoge-ei-sa— -* 

\ Tj / T 2 Tj 

= (s i- (Ti - T,) -r s' ( 

— T, ts log, — -L s' loge * ). . (6) 

, V To ' 
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(’ocflk'K'nt of ]K‘riorin;iiic(' - [\- 



Typical Description of Vapour Compression Machines adopted 
in Practice. \\V ;if lo .1 ]•] JI.ill, Li.l , 

Dartford, K('nt, for tiit' fotlowin^r ]*<'i't'<'iil.iis nt 1vpic.il macliincs 
As a ^ 0 ‘iH'iiil j'ul(‘ (Mrhon dioxide tii;icliincs arc iccoitiniciidcd 
for use on ships and aninionia hiac]iinc> foi laud ii'-c 

The foIlowiMii diaL’raniiiiatic illus) lal loii ■^liows lli«‘ c->,srnti,il 
]>aits of 1 h(“ plant 


CA1.1CE 



PECU ATOP 

'.Ai.VE 


Th(' cytdc of operations is as follows On the suction sitoke 
<jf the coinpr(‘ssor |nstoii a eliatee ol i>.is is drawn lioni the 
■«*vaporator and on the leturn stroke the n;js is coinpressiMl und 
diseharecd into the ('(iiHh’nsi'r coil at <i pressure suflicicnt to 
cause lujiiefacOon. tins jiiessure dcp<'ndin,L: directly on the tem- 
])erature of the cooling water The ^uis enters the <-ondenscr 
coils at a Ifj^h temperature and dnrine its passaei* thioueh the 
coils is cooled lo a temperafun' within a lew decrees of the eoolinp 
water circulatinit over tlie surfacir of th<‘ coils, with tlie result 
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that th(! gas is liqueiied, the latent heat of liquefaction passing 
into the, surrounding water. 'I’hc liquid COj or NHj then passes 
from the lower teriuinahs of the condenser coils through the 
regulating valve to the evaporator coils, where cvajioration 
takes place at a temperature .sulhciently below that of the medium 
to be cooled to allow of a reasonably rapid interchange of heat. 
The evaporator coils thus perform the reverse function of the 
condenser e.oils, the heat required to evaporate the liquid COj 
or NHj being absorbed from the surrounding brine solution or 
other medium, which i.s con.sequently lowered in tenqierature. 
'J'he outh't terminals of the evaporator coils are connected to 
the suction of the compressor, the COj or Nil., passing in the 
form of a gas from the evaporator to the compressor and thus 
completing the cycle. 

Details of Ammonia Compressor. The enclosi d type machine 
illustrated herewith is eiiqiloyed for small installations. 

The cylinder and crank-case are cast in one piece, the cylinder 
being fitted with a removable liner The valves are of the mush¬ 
room type, and are arranged in the top cover, so that they can 
be readily withdrawn and rejilaced without disturbing the ]iipe 
connections. The piston is of the ordinary trunk type, and is 
fitted with four cast-iron rings. The, crank is of the overhung 
type, and the crank-shaft ])asses through a gland, which imist, 
of course, be maintained gas-tight. The ammonia jircssure in 
the crank-case under normal conditions of working is conipara- 
tivelv low, eorresponding ajipro.ximatcly to the prcs.siire in the 
evaporator coils, which again corresponds to the tem'iierature 
of expansion. For ordinary cases, where the machine is main¬ 
taining a temperature of, say, .‘5.1° in a small cold chamber, the 
pressure would amount to about .‘50 lbs. |ier square inch. Thus, 
with a gland of the rotary type no difficulty is found in |)rcvcnting 
leakage of animonia at this point. Lubrication of the machine 
is of the splash type, the crank-case being fitted with an oil- 
ins|iection glass, to enable the oil level to,, be maintained at the 
correct height. The machine is fitted with an oil separator, 
where, any oil passing to the top of the piston and through the 
discharge valve is trapped before jiassing into the condenser 
coils. A connection between the, oil .seiiarator and crank-ca.se 
enables the oil to be discharged periodically from this vessel 
back into the crank-case. The crank-shaft is carried in an 
outer bearing, and is fitted with fast and loose pulleys for 
belt drive. 
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The type of condenser nio.st eoninionly used witli these small 
machines is the double pi])e condenser, which is somewhat more 
economical in water consumption than a condenser of the sub¬ 
merged type owing to the counter-current flow |irinciple, which 



Nil; RkI'Kiokr rTise. Machim: 


A, Oil Level Indicator. 

B, Oil Separator. 

C, C, 

D, Discharge to Condenser. 

E, Inlet from Evaporator 


F, Stop Valve (Delivery). 

0, Compressor Valvo Covers. 

H, Stop Valvo (Suction). 

I, Oland 

J, Suction Strainer. 
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is made use of, thus enabling a greater amount of heat to be 
discharged into a given quantity of cooling water while still 
maintaining the condensed liquid at a temperatme only slightly 
above the tcm]>erature of the condensing water, than is the case 
with the submerged condenser. 

The condenser consists of an inrihr coil of wrought-iron tube 
electrically welded into a continuous length and surrounded 
by an outer pipe casing, the condensation of the ammonia taking 
place within the inner coil, and the annular space between the 
pipe forming a ])assage for the condensing water. The condenser 
to be fitted with wrought-iron bar suj)ports suitable for fi.xing 
either to the wall or on the floor. 

PLAN ELEVATION 




H,VLL'3 Am.MO.VIA KEKRiaER.LTINO MACHINES* 
Vertical Smiilo-Acting Enclosed Type. 


Where the water consumption is limited, a condenser of the 
atmospheric or evaporative type is supplied where the same 
water is continually recirculated over the coils, and the con¬ 
sumption of water is merely that lost by evaporation. 

The form of the evaporator depends on the purpose for which 
the plant is to be used, and may consist of direct expansion 
coils arranged in a cold chamber or coils fitted in a tank sur¬ 
rounded by a solution of calcium chloride, which may be pumped 
through piping fitted in the cold chamber. , 

Loading Dimensions and Data.— The following tabulated data 
of the machine previously described will be of interest to students. 
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Size of 
ilachliu'. 

!' 

A 

, 

3' 21" 

3' 

i; 

2" 

0\ KIIAI I, Dl.MKN'IoN" 

i '■ 

3' 2" 1' 

1) 

1" 

E 

r (^" 

2 

3' Hi" 

3' 

04' 

3' 3|" 1' 

3" 

1' 74" 

3 

3' Hi" 

3' 


1 .j,,„ ], 

3" 

r 74" 

4 

3' Hi" 

3' 

or 

I .y .JV, |/ 

3" 

r 74" 

5 

4' 2i" 

4' 

0.1' 

' 3' 8i" r 

4\" 

r loj" 

! 6 

4' 2i" 

4' 

(>1 

' , 3' 8i" 1' 

41" 

1' 101" ' 

1 7 

5' 2i" 

ry 


' ; 4' OJ" 1' 

9" 

2' 9" 

1 », 

1 

5' 2r 

5' 

H 

/ , 4^ y 

9" 

2' 9" 


Sl/V (if 

M;i. hitlv 


1 * 1 ,iin of ! 
I'lbtoh. I 


M1 (>ko 


COMI'JlK-b-'ll l»hTA[l' 


K 1* M 


>ii( t ion 
.iii'l 

l)cll\ C-l \ 
I'HIC 


1 3i" 4" 200 j" 

2 4" 6" 140 1" 

3 4" 0" 170 1" 

4 4" C" 200 1" 

5 6" , «" 170 Ij" 

j C 6" ' 6" 200 11" 

! 7. 0" 8" 140 IJ" 

I 8 6" 8" 170 U" 


Pt M.I ^ 


i>i.nn ; I'liii’ 


2' 0" 3" 

2' 3" U" 

2 ' 3 - , 

2' 3" 4h'' 

2 ' ()" rA" 

2' ()" , 'A" 

3' :v' ! gI" 

3' 3" , GJ" 




li 1 

M lk|N( 

n'\ 

!-K!t -^4 Hol I!- 



|Kcv Power 

___ 



__ 


M.u lime. 

i)«) 

W atei 

Watei. 

i 

j Watel 

.itn, 

W iitel, 




E 

i :•.« !■ 

1 

''.A 1- 

0,'.^ K 



Cwls 

I'w tn 

Cut- 

( '\4 t« 

iH 

1 

1-0 

8-0 

7-3 

G-8 

0-3 

.*>•0 

I 2 

1-5 

12-0 

110 

10-4 

9'.7 

8-5 

3 

1-7^ 

15-0 

13-7 

13-0 

H-8 

10-5 

4 

2-0 

180 

16-5 

15-5 

14-2 

12-7 

6 

2-5 

25-0 

23 0 

21-7 

19-7 

17-5 

6 

3-0 

30 0 

27-5 

20 0 

23 G 

21 0 

7 

*, 40 

40 0 

36-0 

32 0 

30 0 

24 0 

1 8 

, 5-0 

44 0 

40-0 

38 0 

34 0 

310 
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.\l’l’i:o\IMAT'b 

iM'l.liNAL CM'ACIIA 

IV Cimo Ki.kt 

Hi ClJAMUKll 

Si/C Ilf Mjm lime. 


-- 



i Uiiiiiitc 

Suli-'l 1 (>]H( 111 

Ti tijiii al ('Inn itc 


.ui<l )> in. 

Cliiiiiilc .mil .t-iii 

ami 10 m 


Ilislll.Uloil 

licsulali'iii 

liisitl.itiim 

1 

GOO 

.■'lOO 

400 

.) 

1.000 

SOO 

700 


1 ..')00 

1,200 

1,000 

4 

2,000 

1,800 

) ,.'00 


2,000 

2,.500 

2,000 


4,rtOo 

2,7:)0 

3,000 

7 

7,000 

G,000 

G.OOO 

S 

10,000 

8,000 

7,000 • 



I’liW l-.R 

rsM.i; Ciii/i 

Sl’OH \(iK AM* !<• 

1 

MaIvIm; ‘ 

Si/c Ilf 


('■iMOTToN'! BJl 1’ 

! 

'lat lime 

.•i,'.'' 1' 

ir," K 

7:.^^ I'. 


i ! 

i K 

1 

2-0 

2 05 

2 1 

2 15 

1 i 

•> 0 1 

2 

2 8 

2-0 

2 0 

3 1 

3-2 ; 

2 

2-4 

2 55 

2-7 

3-85 

4 0 : 

4 

4 2 

4 4 

4-55 

4-7 

4-85 1 

.5 

.'i-ll 

5-2 

5.-4 

5-(( 

5-8 ! 

0 

r>-{j 

5 8 

01 

G-4 

G G : 

7 

0 5 

4 •) 

8 2 

8 5 

5f-0 

8 

7 4 

8-2 

0 5 

111 2 

11 0 

t 


The Production of Very Low Temperatures. .\ii mtoiestiug 
application of the pniicijili's of refrigeration occurs in the pro¬ 
duction of very low teiiipeiatures for tlic production of liquid 
air. T'lie modem uietliod for piodueing .o.xygeii in jiractice 
consists in liquefying air and in separating<out the nitrogen, 
argon, etc., by the iiroee-ss of fractional di.stillation. I’hose low 
temperatures are obtained by the e.xpansion of '(■ompressed air. 
The e.xpansion may be effected against tlie jiiston of a machine 
working under load, when the work done by the air in over¬ 
coming the resistance to increase of volume involves an abstrac¬ 
tion of heat from the gas, with a consequent fall in teiiiperature ; 
or the air may be allowed to e.xpand from the initial high pressure 
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to tlie final low {)rossurc hy passagi* through a i(’stri(.t('d orifice 
or valve, without j)erforiuin^ extei’iial work, 'fhe tirst method 
is usually attributed to Claude, and tin' second to Linde. 

Claude Process. Tin* ;n'coni|tan\in^f lij-ure shows in diagram¬ 
matic form th(‘ })rineij)le involved in the Claude ])roc(‘ss 

Tlic comprossi'd air at a pK'ssure’ of -10 atmosjdieris passes 
tliron^di tlie inner tube a of tlie heat exchanger )n to the expansion 
niaclniK* iL The ext>ande(l and cooled air then passes nj)waids 
round the outside of the tubes of tin* liquefier I 'i'hesi' tulx'S 
are supjilied witli tlie eoinpressed air at -10 atniospheri's pressure 
from the tube a. This compressed air is thus ]»io^ressively 



cooled by the expandin^^ ^as(‘s circulating ujiwards until llte 
tenqHuature of liqucfaetiou at that tempeiature about - 140' C. 
—is la'ached. 

Iji<[Uofaction then/’omniences in the tubes, the lujuid collecting 
in the bottom of t4ie ]i(|uefier, from wdiieli it can In- run off by 
means of a eock The <‘Xpanded gas ]»ass(‘s round the tubes of 
the liquefier, aftd thus attains tlie temperaturt' of liquefaction 
of the compressed gas ; it then passi's into the outer tube b 
of the exchanger, and thus cools the incoming compressed gas, 
which, therefore, reaches the expanding machine at this tem¬ 
perature. 

The cold air issuing from the exjiansion engine at a temperature 
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not far removed from its point of liiiucfaction, and at a pressure 
of about four atmospliercs, passe.s to the outer compartment' 
A of the bottom liquid-collecting ve.sscl of the column. It then 
ascends the \'ertical nest of tubc.s B loading from the toj) of this 
coniparliiieut, and which are immersjd in bath.s of liquid oxygen 
0 and D. Here it undergbe.s liquefaction, not as a whole, but 
progre.s.sively. The first drops o£^ liquid formed at the bottoms 
of the tubes are considerably richer in oxygen than air, for the 
projiortion of the. less volatile oxygen in any oxygen-nitrogen 
liquid is greater than its proportion 
in the gas in equihbnuin with the 
liquid. Higher up the tubes the 
liquid condensed out becomes, ]iro- 
grcssively poorer in oxygen. But 
this liquid falling back comes into 
contact with the a.scciuliug gaseous 
mixture which is too rich in o.xygen 
for eipiilihriuni. Nitrogen is, tliere- 
fori‘, evaporated from these falling 
rlrops, oxygen being condensed in 
corre.sponding amount. The height 
of the tubes IS so arranged that the 
ga.s passing out at their upper ends 
IS very rich in nitrogen, which 
travels down a similar nest of tubes 
leading to the inner compartment 
If of the bottom vessel, w^iich it 
reaches jiartly iii the licpiid form. 
'I'he incoming air is thus scparati'd 
into two portion.s on liquefaction, 
one containing in practice about 40 
])er cent, of oxygen, and the other 
only 1 to 5 per cent. In the extreme 
centre of the, tubes is a small 
bundle F, through which a quantity of ga-s from the inner com¬ 
partment can bo withdrawn; after this third purification, a 
relatively small nitrogen product can bo obtained of 90'5 to 
100 per cent, purity. The pressure of 4 atmospheres is necessary 
in the tubes to raise the liquefying points of the oxygen-nitrogen 
mixtures above —183° C., the temperature of the lir^uid oxygen 
bath, in order that liquefaction may take place and that the 
atent heat may pass to the liquid oxygen, which is evaporated 



Di.uiram or Cl.cuuk's 
O xiUEN Column. 
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to a corresponding extent. Part of this evaporated oxygen is 
led away by G througli tlic intcrchanger to a gaslioldor, to 
furnish tlie oxygen product, and the rest ascends tlie rectifying 
column, bubbling tlirough the liquid which is jmssing down 
over the plat(‘s. This luinid has it.'^ origin in the indi and jioor 
liquids just consKh'red, w Ineli an* eonveMal into the irctilication 
column from the bottom vessel, tin* ])ooi' lupiid at the very 
summit If, and the lich some <hstanei* down, at K. Betwt'i'U 
the to]) plate, L, containing almost ])ure nitrognm at a tem- 
])erature near - and the hottom ])late, containmg 

almost ])urc liquid oxygi-n at a tenqierature of ahout -- IS;i (’ , 
there exists a tem])erature dilTerenef* of some 12 . As tin* gaseous 
oxygen ri.scs into the colder regions of the column, it undeigoes 
condensation, its heat of hqin faction cvajmrating an equivalent 
quantity of the more volatile nitrogen. ITius, tin* descending 
liquid IS hcconnng progressively riclnr m oxygen, and tin* 
ascending gases ar«* becoming piogressivc'lv im|)o\ciished The 
rich li(|uid containing about Id ])(‘r e(“n( of oxygen is in equili¬ 
brium w'ltli a gas mixture having an oxvgc'ii (ontent of about 
15 ])er cent. It is, therefore, introduci*d into tin* column at the 
point K, where the gases have this comjiosition, and in falling 
can scrub the rising gasi's to this ('\lcnt Tin* jtoor Iniind witii 
1- to 5 per cent, of uwgeii, mtroduci'd at the top, 11, of tin* 
column, can scriil) the using gases tin'oretically down to ]'<'r 
cent, nitrogen. In piactic<.*, ho\v('V(*r, this poor liquid is not 
jiroducod in sulTieient (piantity In order to obtain a higli quality 
of oxygon, the argon ini])untie.s being dillicult to lemove owing 
to tlie simHanty of the volatilities of lujiinl argon and oxyg<'n. 
the nitrogen leaves the apparatus still containing b to 7 per 
cent, of thus gas. Hy taking more oxygen away to the gas¬ 
holder, of lower ]uirity, and .so diminishing the ({uantily that 
has to ascend the (‘olunin, the final scrubbing heiuim'S more 
effective, and 97 to 98 ])er cent, nitrogen can he obtained. 

For furtlier particulars of this tyjx of a]i])aratiis the student 
should consult a jijiper by Mr. 0. H. llousoman, of the British 
Oxygen Company, Limited, entitled “ The Evaporation of Air 
Constituents,” f»ven in Indnstrud Gasrs for March, 192ft 
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Lkctuuk Vf.—Q uKSTION'^. 

1. l)yscni)o tlio action of tho IJell-t.'ohnnan rciiigeratin'; niaclimo, and 
find an ox}>reR.sion for its cooflioicni of pcrlorniatico. 

2. TukI tlio if.l’. tlicor(.>tJcal!y ncccssaty in an air-comincssioti refriyor- 
atmg ma(!liino to abstract Q tliorinal units [)or rnmuU*, wlicrc l^ - tom- 
poratiire of air drawn into compressor, /, ' tcrnpcratiiro of air forced 
by tiro compressor into tho coolor, t. - lompcraturo of air supplied to 
tho cxpandini; cylinder, and is the tomporatiiro <d tho cold air loaviny 
tho expandiny cylinder. 

Descrilio by ai<l of a diagram the jumeipio of action of a r<“lilyiiuttiiiy 
machine of tho opon-cyclo air typo, and olitain an ex[)rcssion tor its olli- 
cieney, assuinmy adiabatic compression and expansion. In a inachmo 
of this typo eirculatiny l,r)n0 Ih.s. ol air ]K'r liour, tlio air is drawn from a 
coM cliambor at a temperature of (' (,"0 I'" ), and compressed adia- 
liatically to (>7 Ib.s alisolutc It is altorwards cooled at tins pres.sure to 
2r> ’ (' (77‘ l'\), the tomperatuio ot the i-ondeiiser, and then expanded 
jwliabalieally to almosplieiie pressiiie and i-etuiiied to the cold chamber. 
Find tho number ol units of lioat extracted ]ier hour from the cold chamber 
and the heat rejected. It the indicated hor.se-power of tho compressor 
IS 25 n, find the coofhciont ot ])ertormanco ot tho maolime. Tlie six‘ci(ic 
heat of air may l»o taken a.s 0-211. and tlie law ol expansion and compie.s.sioii 
as /) t* ‘ constant. 

4. 'I'he billowmn; arc apjiroxjinale exj)U‘ssions for tlie entropy of am¬ 

monia Inpiid and dry saturated vapour •--Liquid, 0-00184 (< — :{2); 
vapour, 1-158 0 00102 It - d2), t bemj; the tomiJcrature on tlie Fahrenlicit 

scale Obtain corrcsjiondmy cxjiressions ot tho lorm a '\~ b t , t beiny the 
temporaiuro <ui the ('enti^^rade scale. Draw tho d-rp chart Rotwi-cn 
temjieraturos of LL F. and 77' F. ( 10^ C. and 25’ 0.). Fnvl tlie co- 

olticicnt of perlormancc of a rolnyorator workmg on a levorscd Kaiikmo 
cycle between the.so limits, the vapour being 5 percent, wet at the end ot 
compression. It tlio actual j>er(onnanco is 0 0 of tho amount ui the above 
ideal case, calculaU' the pounds ol ice produced per horse-power liour 
from water at tho Ireezmgpomt. Latent heat ot ico, 144 J3.Th.U. (80C.H.U.) 

5. Find an expression lor the coellieicnt of jierforniance of a refrigerating 

machuK* worl^mg on tho Dell-C'oleman* cycle. Explam the reasons of the 
smallness -of tho coefficient m jnactice when coin|flircd witli an ammonia 
refrigerator. • 

6. Describe tlie action of bomo tyjio of refrigerating, machine working 
on tho compression system. What do you understand by “ wet com¬ 
pression " ? In choosing a suitable fluid for use in tho compressor, state 
tho effect of the toHowmg on the general elhcioncy ot tho plant:—Latent 
heat. s])ecific heat, specific volume, relatuui between prcssui'c and tem- 
IJorature. 
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I. Skelcii tlio tcni])oratiiri‘-oiilto[)_\' ilia;:iain for animoioa, ami show 
oil it tlie i'olriycratiri !4 c\clo fiU' wet eoin]>rosHioii. How is tlio eoollitn'nt 
of performance deleuiiinecl 

2 Draw 'j>-r and dnii'iatns jor a n'lriueratmp: maeluiu*, usiiili; air, 
wliudi lias admis.vion and oxliaii.st at constant pressures , and adialiatu; 
(•oin])res.sion and expansion. If the leinporatnies at lic^tnniuu .ind end 
of comjirossion are 2(t' F. and d90 ‘ 1''., and tho temperatnro at the boLMnning 
of expansion is 100 ' F., find the coofKeu'nt of ])erlornianco. 

d. •Desordie and give liand sketclies of an ammonia leltigoratnig machine. 
Desci'ibe llm gland airangeinents that lia\(' to be adi'>pl<'d to ]ne\ent 
leakage of (he ammonia. 

4. Kxjilam how yon would test a n-trigmatidg jilant using ammonia 
as the working flnnl, so as to detoimiii<‘ the coi'fHcieiil ot perloimam e. 

Describe the cycle ol operations ot either a caibon dioxnle or an 
ammonia rofngoratnig maolnne. and .state the .special advantages ol (“ach 
typo 

(). In an ice-rnakmg jdaul of either {") the ammonia or (//) t'O^ t\])o 
explain tlio method of woikmg. and doscidx' tlie operations noee.ssary to 
start u]> and legulatc tlie maeluiu’ trom the oomineiu’einent until ice liogan 
to j irm. 

7. love briefly tho advantages ami disadmintages ot ammonia and 
carbon dioxid<> respeetivelv as woiUnig tiuids in refugotator.s Mak<» a 
diagrammatic sketch, illii.stratmg the consUnetion ot a plant using eitlier 
carbon^dioxide or ammonia 
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COMPRESSED AIR. 


<.'uM KN’i's. -Isittlicniiiil ati)i Adialialic ( 'nnijirossioii ,in<l Jvxpaiision— 
'I’lic AdvaiUa,ii 08 ct .Miillt-.staLjo A\’a(or injiiitmii to 

.isMsi (Violin^ - n‘i|i]ir(!il loi ('oinprossinLr An. Single- 

staui' ('"lupressiuii. 'I’un..v(.in,, Coiiiptossioii : Jtatio (.it Pressures 

to mala! Total A\'oik a Aiiniiuum , < Singes ol ('omi)i('s>ion -Tahie 
ol llofse-Pouets lor \'avioii, Pies^nres --Di'lail Desitiiplion ol an Air 
rompiossor- -<'om]iies.sod An IVicimsiv e'I'ool.s -Questions. 

Isothermal and Adiabatic Compression and Expansion. I’ciwcr 

IS Ininsjiiitti'il l>\ ('(iiiiinT.-^scd air lor a liirar iiiiinbi'r of industrial 
]mi|)oses, |)ai'tK'iilarly lor driving liaiid tools, .sucli as iliills, 
clii|)|iiii<!; 1'liisc‘ls. and rivctois. It lias Ix'iui used on a larao si-alu 



in Paris for supplying power Ironi a ci'iitral station, but it is, 

on the wliolc, expensive, and is used mainly on account, of its 

convenience for delivering small powers, nr in jilaces wiierc 
the cold exhaust can lie used for refrigeratioiit Professor Ihiwin 
estimates that wlicii used on a large scab' 11 to .51 |jer cent, 

of the indicated steam power of the engines driving the com¬ 

pressors may be realised on the main shaft of the compre.ssed 
air eiigdne, but in small motors and rock drills a much .smaller 
eflicieiicy is usually ohtained 

If tile air compressor worked so slowly that tlic compi'e.s.sion 
were isotliermal, th<‘ teiiii>eratiire of the compressed air would 
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be the same as the intake temperature (in ])raetice the air always 
gets hot in eomiiression), and tlie volume would, t!u*refore, not 
diminish by cooling on its w’ay to tlu* eom[U‘essed air engine. 

The indicator diagram of the air (■om])ressor would be as shown 
in the above diagram. 

Air IS drawn into the cylinder at temperaUire yij untd the volume 
is represented by tlu‘ point B . it is tlien eompi'essed isothermally 
along the line B (' untd its prcssun' is /o, and is driven out at 
constant pressure along the line C i) 

If the com])r(‘ssed air I'ngine also w'oiks so slowly that the 
expansion is isothermal (m practice the air always cools in 
expansion}, tinm the engiiu' would trai'e out tlu' diagram m the 
ievet;s(; direction, and the elliciimcy woiihl lie ]0() p(‘r cent, 
d there w'ere no loss of ]U’(‘ssur<‘ due to friction in j'ljies, etc. 

Now, consuh*r the <*ase in whicli flu* compression and expansion 
ar<‘ adiabatic. 'Hk* com])ression curve will be stei'per than Die 



isothermal, and may be represented by B K ; tbe heated air 
will contract on cooling, so that by the time it reaches the com- 
])ressed air engine the volume will have become 1)(3 and the 
expansion will follo^' the curve C F. It is, therefore, chair that 
the work representied by the shaded aica (1 K B F will be lost, 
of w'liich BEC may be regarded as lost m tin; compressor and 
C F B in tbe enj^Ji'^- 

The Advantages of Multi-Stage Compression. The following 
diagrams show' how’ this loss may be reduced by the em))loymcnt of 
multi-stage compression , a corresponding advantage is to be 
obtained by multi-stage expansion. 
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Take, first, the case of two-stage compression; the air is first 
compressed to an intermediate ])re.ssnre, p., along the adiabatic 
BG, and passes into a receiver in which the temiierature falls 
until the volume is M II; the air tlieii passes into a second 
cylinder, in which it is compressed tp the jiressuro p.^. 




The loss of work in the compression is represented by the 
sum of the areas B G H and H J G, and this is clearly less than 
the area B E C, wliicli would be lost in single-stage comjiression. 
Water Injection to Assist Cooling.- In practice it is found to 
be useful to inject water in the form of a spray in air compressors 
to keep down the temperature during compression. This has 
the effect of making the compression curve follow a line between 
the adiabatic and isothermal lines, and some authorities assume 
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the compression in this case to follow the law p V* * constant 
instead of p " = constant (adiabatic compression). Other 
authorities prefer to make their calculations ujion the basis of 
p = constant, even when water injection is employed to 
make up for incidental lo.sses which are found to occur in practice. 

One disadvantage attendant upon the use of water in air 
cuinpressors arises in the formation of snow in the compressed- 
air engines when the pre.ssiire dro|i -is considerable ; this snow 
tends to clog the exhaust valves. ' The difficulty can be over¬ 
come in part by making the valvi’s and jiassages of large size : 
in some cases the formation of snow hu.s been jireventcd by 
warming the compressed air su|)ply jiipe 
Horje-Power required for Com'pressing Air. (1) Htnyk-stufie 
Compression.— The work done m compre.ssion A li C U 
= B C F G + F C O E - 0 B A E. 



By equation (6), p. 6, B (' F 0 = -■ 

(n - 1) 

Work done or energy E 

_ P2_V - '/'i V, 

“ .'i- 


i.e., E = (p 2 Vj - p, V,). 

Now, PjV? =PiVi', 



(t) 


8 
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i L 

~f,I! 
,,,v,{(;q)'---, j, . ,2, 

■■■ '■= - 

Ansuininji adiabatic coniprcssion for wliich w - ■ 1*41, 

[(y“ l}.«) 

If V‘ is tlui volume of air at pj com|irt‘S3cif per minute, and y, 
is ill lbs. per square iiieli 

Work done per minute - .'i-l 1 ■, I I I ;)|V‘ I f— \ - 1 | . 


Horse-power 


„-.e. li.y.v -^y-j -r^. 

>_141p,_^ ( /y,^ 2»_ ) 
33,(M ( Vyi^ j 


As a rule, p, is 14-7 lbs. per square ineli,and is then called 
the volume in “ free air ’’ per minute. 

We, therefore, obtain the following formula 

Horse-power required jier cubic foot of free air per minute to 4 
compress to prc8.surc p^ Ib.s. per square inch in one .stage J 





IIORSE-FOWKU 1£K<JUIHKI) KOll CO.MPBESSINQ AIR. 
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(2) Two-stage Compression. Keferring to the accompanying 
diagram, it is clear that the work done in the first stage 




!(S)' 

and tliat the work done in tlie second stage 


'1 



the air is cooled to its original teiu|)eratiire--/.c., that Tg = Tj, 


Total work done — Ej |- Ej 

-3n,„v,{(c;j“ + (f.)'“-2}, . . m 

Ratio of Pressures to make Total Work a Minimum.- ~Wc have 
now to find the value of pj to make the total work a minimum. 
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This will be 


a mmimuTii 


when i 3 a 

VPl/ 


minimum. Let this expression be called X. 

X will be a minimum when ~ 0. 

dPz 


i.e., when 


•29 (y) \ + -29 ‘ X (- Py = 0 

p, \p^l V p// 


i.e., when 


j.e., 


• 0 

: n .-, ^^-20 

= 0 


Pi 

■ 2 n - 20+1 



• 29 - 1+-29 r -1 

•29 

•29 


Vz 

= Pi 

-P-1 


*.'>8 

•29 

•29 


7^3 

= Pl 

-Pi 


t.e., 


Pi' = Pi ■ Pi- ■ 
Pi = Pi ■ Pi- 


( 8 ) 

( 9 ) 


It will be noted that thi.s is independent of the index n in the 
expansion law, and that we may express result (8) a5— 


Pj^Pj 
Pi pi 


( 10 ) 


Moreover, 


^’ = 25= /?* 

Pi Pi Pi 


since by (8) ^ , 


Pi Pi 


Pi 


Now, putting this result into equation (7), we have— 
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Total work — 3*14 jOj Vj | 2 . ^ ~ 2 | 

■ 21 ) 

-i}.. . . (11) 

Wo may, therefore, write a similar result to equation (6) as 
follows:— 

Horse-power required per cubic feet of free air per minute to ) 
compress to pressure lbs. jior .square inch in two stages J 

. 

Thi' necessary volume of the second cylinder will be given 
by the relation— 

ft Pi 

(j) X S/ages of Compression - By exactly similar reasoning 
we can prove that if there are x stagc*s of compression— 

Hors*:-power required per cubic foot of free air per minute to ) 
compress to pres.surep, lbs. )ier square inch in X stages J 

■29 

" - ‘1 . 

In this case the ratio of volumes of successive cylinders should be 

r-y*- 

\Pij 

The following* table is useful in practice for determining the 
horse-power required to drive compressors. A mechanical 
efficiency of 60 per cent, is assumed for pressures from 6 to 
36 lbs. per square inch, increasing to 80 per cent, for 40 lbs, 
per square inch and beyond. 
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Table of FIobse-I’owhiis jiKyuntEf) to Drive Air 

C'OMI’RE.SSOHS 


SINGI.K 

•Stack. 

1 T\\('-STA(1K..« 

Tiirbk-st\(;k 


Hill ''B-poMOl 

j 

11(1180 Ji'tWOl 


lllH-SC-pD«Cl 

PrcsMitc 
ill IJi> 

III. 

l<i 

lUfK'll tt 
Kivc! Air iKT 
Min. 

1 I’lc'-'iiie 
\ III fJih 

! pfi S<i In 

to < 'oiiiprcss 

IIHI ( II ft 

Kioo Air )»ot 
Min 

Picssiuc 
in LI IS 
per Sq, III 

, to Coin picTs 
10(1 (-11 ft 
' All- jior 

1 Mm 

5 

3-25 

00 

14-7 

100 

18 27 

10 

5 0 

05 

15-20 

105 

‘ 18-7,7 

15 

71 

70 

Hi U 

110 

10-2 

20 

8-3 

1 

10-0 

115 

10 C 

25 

0-8 

1 80 

17-15 

120 

10-04 

30 

11-2 

1 85 

17-7 

130 

20-0 

35 

12 0 

00 

18 2 

140 

21-21 

40 

12-81 

05 

18-7 

150 

2IS(i 

45 

13-85 

100 

10-2 

100 

22 40 

50 

14-84 

105 

10-05 

170 

23-04 

55 

15 78 

110 

20-15 

180 

23 58 

00 

10'07 

’ 115 

20 0 

100 

24 1 

05 

17-5 

1 120 

21 0 

200 

' 24-0 

70 

183 

1 130 

21-75 

250 

' 20-75 

75 

10-07 

' 140 

22-5 

300 

28-05 

80 

10-82 

150 

23-2 

350 

1 30 25 

85 

20-55 

KiO 

23 0 

400 

; 31 05 

00 

21-25 

170 

24-5 

450 

32 0 

95 

21-85 

180 

25 1 

500 

:q-i 

100 

22-50 

lOO 

25-7 

COO 

3»)-l 

105 

23-15 

200 

2(i 3 

700 

< 37-8 

110 

23-75 

250 

28-8 

800 

30-4 

115 

24-35 

1 300 

30-0 

000 

40-8 

120 

24-0 

! 3r>o 

32-8 

1,000 

42-4 



400 

34-5 

1,200 

44-2 



450 

30-0 

1,400 

4(i0 



500 

37-4 

1,G0() 

47-7 





1,800 

49-2 





• 2,000 

50-0 


Detail Description ot an Air Compressor. We'are indebted to 
Messrs. Siebe, Gorman & Co., Ltd., of Westminster Bridge 
Road, London, for the accompanying description and illustration 
of one type of air compressor in which they specialise. 

The illustration shows a sectional arrangement drawing of a 
two-stage belt-driven thrce-cylindcr enclosed type air compressor. 
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This machine is fitte<l with doublc-nctinji; cvlindt-rs, the toy) 
portion of which constftutfs the rtrst sta^c and the lower annular 
portion the second stage. 'I'liis is acconiplished by the us(‘ of 
the differential pistons shown. th<‘ [uirtion enclosing the annular 
space referred to above laang so propeltioned as to give the 
correct ratio of conijiression tor the second-stage ]ues^u!e 

Before the air enters tho' ])art of the (‘vlinder. hoW(‘\er. it 
yiasses to the intercooler, shown in the conilunation ba.se-plate, 
when* all tin* remaining heat in tin* air of the (irst-stage (Oin- 
jircssion is extracted. This is elb'cted by p.i.ssing the air thiough 
a senes of copyier yiiyies siirroiiiided by water with the necessary 
cooling surfaci* After leaving Iln‘se pipes the air is finnllv coin- 
j)rcssj‘d in the annular s[)aee, fonmng the seeond-stag<‘ coin- 
pression referred to. • 

This compressor is fitted with forca'd luhiication, the oil yamiy) 
being shown in the sump m the bed-pl.ite at tlie left-hand en<l. 
It is driven hv iin'ans of an eeciaitne, which in turn also drives 
the water-cireulating piiiii)). shown mounted on the, left-hand 
evlinder With forced Inbneation tin- niaehiiH* is piactieally 
immune from breakdown, and can la* left running w ith a minimum 
of attention 

Tin* first-stage suction arnl deliverv vaUa's m the cylinder In-ad 
are of the disc tvp<‘, imnh' of mang.un'se steel, having a small 
li't. and working on renewable <'ast-ii'on knife-edge valve 
seals 

Tin* whoh* valve with its seat is veiv (juiekly removed for 
exammation. By nnserewmg the v.iive box cover tin* complete 
valv)' can J)e hfti'd out Tin* valvi* lioxes are m the form of 
pockets III tin* cylinder head, and they an* simounded by water, 
as well as tin* toy) surface of tin* eyliinh'r, foiming as imn'h wal»‘r- 
cooliiig surface during compression as possible 

The s('coiul-stage suction and delivery valves an* made <if the 
y) 0 ])pet tvpe, and are cleaily shown in tin* cross-section of the 
machiin*. These valves an* not so large as the first-stage valves, 
as they deal with co*mpn‘ssed air, w hich has a considerably lower 
velocity than before it was compressed, but they have to lx* made 
stronger than the first-stage valves, as thev have a good deal 
more racking. 

This machine can be arranged as a single-stage compressor, if 
desired, bv connecting tin* air |)ipes in parallel instead of st‘iies, 
as for compounding, and, of course, doing away with the inter¬ 
cooler. This is accomplished by connecting all three delivery 
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branches together from the first-stage delivery valves, by means 
of a long horizontal pipe, to a .similar pipe below, which connects 
all three po])pet (hdivery valves together. With this arrangement 
the opposit(! .suction popitct valves will now servo as a first-stage 
suction valve also. 

The machine can be arranged steuin-dnvcn with steam cylinders 
mounted in tamhun with tin’ air cylinders ; simple, compound, or 
trifile expansion as desired. It also can be arranged direct- 
coupled to an electric motor or oil engine or driven through 
gearing. 

Compressed Air Percussive Tools.- One of the most useful 
apjilications in practice of comiiressed air is for driving percu.ssive 
tools for riveting, caulking, .and mine drilling. 

The accomjianying drawing shows a cross-.scction through a 
percussive rock drill, know'ii as the ‘‘ Meco ” drill, and manu¬ 
factured by the Mining Kngineering Company, Ltd., of Sheffield. 



“ Mico ” Pnkumatic Hock Dbili,. 

The air I'liter.s through the jiipe I and passes under the control 
of an automatic butterlly valve V to one or other of inlet ports 
i], ij. In the ])osition shown the valve is so positioned that 
the ])ort i, is open and the port i.^ is closed ; the air on the under¬ 
side of the piston p is passing out through the exhaust port e^. 
The pi.ston travels towards the right, and soon covers the exhaust 
port e^, and opens the exhaust port Cj. The momentum of the 
piston causes a compression on the underside thereof, and this 
compressed .air passes up the port i.^, and lielps to rock the valve 
V on its seat; this rocking is assisted by the rush of air caused 
by the ojiening of the valve Cj. The valve is carefully balanced 




compressed air percussive tools. 
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so that the machine will oporiito in any jiosition. Jinniediately 
the valve flaps over, 'the comi)re.s.sed air pas.ses down the inlet 
4 and causes the return of the ))istou, which afiain reverses 
when the exhaust port e.^ has been (i|iened and the port (\ closed. 

The rock-drilling tool is secured in the socket s, and, in order 
to give a slow progrcs.sive rotation to the tool, the forwaid or 
hammer end of the piston is juovided with helical groove.s which 
co-act with a ratchet r. the co-o|)eratmg pawl of which causes 
the socket x to give a part rotation for one stroke of the piston 
and to remain stationary for the ne.vt. 
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lii:<'Ti)RK VIT — Questiovs. 

1. Provo that m an air coinin-oHsor wluch coinpressos 1 lb. of air at a 
pressure />, and volume r, t(* a jiressiiro />', tlie work ilone is 



the compression lannu accordmii to llic law p v" =■ coiistanl. 

2. An air compressor handles cubic loot per nuniite of atmospheric 
air at 1)0' !<\, compressing it to (>0 lbs. per squaic inch "aiif'o pressure 
according' to the law PV‘^ constant. Wliat is tJie final volume and 
tem^icralure ol tho air, and how much power is absorhed ? .l/is. 312' F. ; 
12 <) II. P. 

3. Show that m a eompoimd air comju'essor worloiig lietween extreme 
pri'ssiire.s p, /q, il th() intt‘.rttU!<liato pros.siiie is equal tf* \ /q p^, the’work 
done m each cylinder is equal. 

4. An air oomjiiossor takes 100 culiic foot of free air per minute (tom- 
poraturo - 00 F ) at 200 lbs. "au^je m two sta;:es with intercooler cooling 
to 00 P. Find tlie size ot eylnider.s for an ox])ausion curve p - con¬ 
stant Piston speed, 300 loot |)er minute at 200 rovoluLions ])or mmute ; 
also fin<l 11.P. inquired to diivo comjiix'ssor, taking mechatocal eniciency 
^ 00 per cent, (’learanoe volume I/IO cylinder volume. Note, 1 lb. 
air at 00 F. ami 14-7 lbs jiei square inch lias volume - 12-8 cubic feet. 
Also fiml tile tem[)eratuic at which tho air would he ileliverod. ,fu6’. 
L.P. ovhnder, 0-5 mclu'S diamotor; II.P., 4-7.7 inches diameter; B.H.P. 
^ 21-7) ; tenqiorature. 100 I"'. 

T). I'jXplain why it i.s moio advantageous to compiess air m two stages 
with an intercooler tliaii to use a .single-stage compre.ssor. Show from first 
principals that fur a two-stago eompressor tlie oflieieiicy of tho eompiessor 
will ho greatest wlion the L P. cylinder pressure is equal to \ P :< P,t 
{P„ original and the final pi’es.suio). c 

0. Show, that if air he compressed m an air-comjiri'ssor, tho relation 
between tlio tomporatiires ami piessun's is given by the equation 



Find the tcinj-K'raturo at the end ot compression when air is compressed 
fn)m 15 Ihs. |)or stpiaR-- inch ahseluto ami 70° P. (21° (' ) to 105 lbs. |)er 
square inch absolute. Assume it - 1 35. 

7. Show that tlie work done m drawing in, compressing, and discharging 
Vg cubic foot of air m an air compressor from a pressure to a pressure 
Pj, and volume Vj is given by tho tollowmg expression .— 

»(l\v, - 1>,V,) 

71—1 ’ 

where the compr(?s.sion cuivi* is of the form P V'" - constant; neglect 
clearance. It 1,500 cubic feet of air per minute at 15 lbs. per stpiare inch 
absolute jiressure are to bo delivered at 00 Ib.s. per square inch absolute, 
find the horse-power rtMiuired (Assume n — 1-3.) 
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Lmtukk VII.--A .M.Inst.C.K Qukstion'^ 

I. vStat«‘ l)ii(>fl\ lilt* atlviiuta)j:es of UMim nnilti-stai'o ajr coinph'-^-^or-H. 
Air is <‘<iinpressed adiahatic.iUv truni a pressure el 15 II)'. per sipiaru inoU 
absolute to PU Ib.s. per square iiieli abselule. I'ltid the liiial teinperaturo 
of the air il the initial teniperatiii^ IS bO I*' (Assuiiu^// I 1.) 

L* Air IS (liawn inU^ a compressor at atmospheric pressure and eempiessed 
te a piessure ef live almes|)h('i('s. I’md the herse-power retpnrcd te eem- 
pri'Ss and deliver 1,0^0 cubic had el live air assuming (a) iseflieimal com* 
pres.sien, {!>) adial>atiu eeinpression. (>/ 14) 

II. Air. at a tempi'iaiure et H(l h'.. is eemprc'ssod fiem 15 to 1)0 lbs per 
S(piaic inch absolute, and the eiirve ol eempicssion is p d ^ - constant. 
Fiml (1) the work done, and (2) the he<it lost to the eyliiidor wall', pur 
pound ol air. 'hhe specilio heats at constant |)iessure and c<'*nstant volume 
arc 0 2375 and 0 100 losjieetn cly. 

4 An air com])iossoi eompn'sses the air horn 15 ll)s. per s<|uare inch 
to 1)0 Ihs. per scjuaie inch I'lnd tlic liois»*.power rc([uircd to eom]ucs.«i 
aiul deliNcr 1,000 cuhic ((sd of lice air |H‘r minut<‘. Noyhad' leakaui' and 
elearaiiec. (.Vssuim* y 1 15 ) 

5. Sliow lhal Ihc woik (huie piu' slrolo' bv an eiii;im' m coinpressmg Vj 
culiTc leid ol I i'(H‘ air adi.iltal u-.illv and dehwi mi: 0 at a ('onstant pressuo' 1*^ 

T(I\V. - I\ Vd 
Y ' ' 

wlieie \', IS the volume ol tlio air at jucssiiie I’j, and l\ is tlie ]u«“S'Uro 
ol lilt! ,iir at volume V, (nei!,lccd clearaiieo). Idiid the work najuiied Ijoin 
an engine to cijminess adiabaticallv ami d(4ner SOO cubic leet ol lioe air 
jiei leinuto fiom 15 llis. |)er sqiiaie inch alisolute pressure te OO |hs. per 
s<piai( inch ab.seliili' [ue.ssure. (Assume y ^ *■•) 

0. Air IS compHss'cil in a two-slage cem|)i('ssoi, the piessuie at the end 
ol the li^st stage hciiiir 5 atmospheres, ami a( (hr end ol (lie siM’omI *J00 
atmesj)lieies. Assiimmg (hat tiu' eempaiisons are adialjalu', ami that 
20 cubic le(d»ol ait at, a( inospheiic piessuic ami 00 I'', tcmjxualuie are 

Mijiplieil per minute. Iiiid (he ap[)t'o\imate amount o| coohmi w ater supplied 
at 00' h' ]n'r minute ie([uiie<| to kee[i Ihe a\eia'.;«- tmnpeiatuics in the 
eompres'Oi eonslant, ami caleiilafe the horsc-])ower iv<pMiv<l lo dnvo 
the maelinu' i( il.-. meehauical ellicieiicy is 75 pci cent 

7 An air compressor eom|iresses H ciiluc leid ol air at an alisoluto 
jiivssiire ol 15 Ihs ]ier square inch to an absolute jiiossure of 105 Ihs. per 
Hquare inch, ami <l(di\(‘is il lo the reeeivor at constant juessure. I•'md the 
loot-ll s ol wolk <lone on 1 lie air (lor stiok^^ {u) ulum the (•(mi|uossioii m 
isofliermal. (/>) when the eompiesMon loUows tlic law 1’ \'‘ ' • constant 
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FUELS AND COMBUSTION. 


CoNTKM’s—Kolaiivo ValiU's ol' lAiols ; Calonlic Value of a l''uel, (.'al- 
enlation of (’alonlic Value of Fuel from Clioniical Composition -Tal)les 
of Properties of Solid and LupiKl Kuels ; (lasoous Fuels ; (Vjmlmslion 
Data of Cases—Flue or Fxliaust Cas Analysis; Orsat A)>])aratiis — 
Calculation of ('ompositioii of Product-s of Comlm.stioii from Pcriect 
Combustion of Fuel of Civon Composition—(Calculation of Fxcesa 
Air from Volume Analysis of Flue or Fxliaust (.Jases—(Questions. 

Relative Values of Fuels. In dealing with the economies ot In-at 
engine.s, the question of fuel is of great imjiottance; from the 
point of view of file user of the engine, the most im|)oi'tiint 
question is cost per horse power, and it is well for the student 
to remoinher that engines winch ar<' most economical from the 
standpoint ot thermal eftienmey are not necessarily most econo¬ 
mical wlien the cost of fuel is taken into account. 

The qiie.stion of new sources ot find supply lias exeieiscd the 
minds of engineers for some tune. Eor purposes ot light trans¬ 
port, motor vehicles, agiicultural tractors, and like*macliinery, 
coal is being gradually rejilaced by oils, the light varieties of 
which are showing signs ot shortage in supplies, and inueh 
attention has been given in recent years to the possibilities of 
alcohol as a fuel Assuming that the engines can he ailajitcd 
to run satisfactorily on a given fuel, the ultimate (jui'stion arises 
a.s to the cost ot the fuel per B.Th.U. . foi; this we must know 
the calorific value of the fuel. 

The calorific value of a fuel is the number of heat units deivlopal 
by the combustion of a unit Height of the fuel. ' 

The calorific value is measured experimentally by means ot 
calorimeters, a de.scription of various tyiies of which will be 
found in Lecture IV., Vol. I. 

The following values may be taken for the calorific values of 
the elements and principal constituents of fuels 
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Coiistilueiit. 

Atomic 

Weight. 

\ Mulecnl.-vr 
j Weight 

C.il Value 
llTli.r per 
LI. 

Hydixigen, Hj, 

Carbon, (', 

. 1 


01 ,')()0* 

12 


U,500 

Sulphur, Sj, . 

^^^2 


4,000 

Carbon monoxide, CO, 


28 

4,:!20 

Mothano (marsh gas), Clfg, 
Ethylene, Cjflg, 


10 

2:i,.5oo 


28 

21,300 

Benzene, C,,H,j, 


78 

17,800 


Calculation of Calorific Value of Fuel from Chemical Com¬ 
position.— if we lire given tlie chemical coinbu.stion of a fuel 
we can calculate its calorific value a])proximately by the aid 
of the foregoing data, but it .should be rmueiiibercd that accurate 
values can only be obtained experimentally. In these calcula¬ 
tions it i.s usually assumed that of the hydrogen one-eightli of 
the weight of oxygen present will probably be combim'd with 
oxygen in the form of water. The following examples will make 
clear the method of calculation :— 

Ex<tn> 2 )lf I. A sain]ile of coal gives the following composition 
on analysis- C 88 per cent,. H .2 3-(i jier cent., Oof -8 jicr cent., 
a,sh .3 -6 per cent. 


Calorific value of C ^ 14,rM) x -88 


Ho 


( 


■0,36 - 


■(^\ 

tT J 


X 52,500 


12,760 
1,670 


Total = calorific value of fuel in B.Tli.U. per lb. 14,430 


Emmjtlc 2.—Calculate the lower calorific value per cubic 
foot of marsh gas (methane, CH 4 ), having given the elonsity as 
•0448 lb. per cubic foot. 

Ill 1 lb. of marsh gas, the molecular weight of which is 16, 
there will be lbs. of carbon and ^ lbs. of hydrogen. 

^Tliis includes the latent he.at of the steam generated by the combustion 
and is commonly called the “ Higher Value this latent heat usually 
passes out with the flue or exh.au.st gase.s, and amounts to about U.OOO 
B.l'h.U, per Ih. of hydrogen, so that for fuel calculations m practice the 
“ Ixiwer Value " of 52,500 B.Tli.U. per lb. should lie taken. 
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Caloritic value of 0 per lb. ga,s x 14,.b00 = 10,900 

„ (lower) „ i X .02,.WO 13,100 

• -- 

24,000 


B.Tli.U. per lb. 24,(XX). 

.-. B Th.U. iKT cubic foot = 24,000 x '0448 = 1,080. 

Tlie actual beat available for practical u.sc is less than this, 
on account of the fact that in separating the gas into its con¬ 
stituents, carbon and hydrogen, the ■' heat of formation ” is 
absorbed. 

This amounts to about 110 B Th.U. jier cubic foot, .so that 
the available calorific value of marsh gas jicr cubic foot becomes 
1,080 110 970 B.Th.U. 

Solid and Liquid Fuels. 

Avera{ic Composition ami Calorific Yoluc. 


Ik’Stiijtliuii. 

.Specific 


I’ci ccntiigc < ■' mipt >si t i<»n 


i'altniflc 

Value 

Oiavity 

c 

1 It. 

0..1 Nn 

s 

MiiIB- 

tlllC 

B Til 1 . 
per I-i). 

< 


Welsh anthracite, 


t)lo 

; 3-5 

3-4 

■0 

• 

1.5,200 

Nixon’s navigation 


87-8 

4-2 

5-0 


1 0 

1.5,400 

steam coal. 
Newcastle steam 


81 ..-t 

, 5-;i 

9 9 

•8 

1'2 

14,700 

coal. 

Yorkshire coking 


841 

4-9 

7-0 

•0 

2‘2 

13,400 

coal. 

Scotch canncl coal, 


75-4 

, 0-2 

10-0 

2-2 

4 0 

13,500 

English coke. 


88-4 

1-4 

3-3' 

•35 

4-8 

13,000 

Wood (ordinary), . 


30-4 

; 4-0 

29{> 


28-9 

5,000 

Alcohol, 

■81 

52-2 

; 13-0 

34 8 



12,000 

Kerosene, 

•78 

85 

: l 




18,900 

Methylated spirits. 
Benzol, 

•92 

92-8 

7-7 




11,000 

18,100 

Petrol. 

•72 

85 

15 




18,700 

Crude petroleum, . 

■023 

80 

12 




17,900 
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Gaskou.s Fuels. 

Al'crm/e Composilion and Calorific Valucfi. 


Kind of (Jh>. 

H; 

PeiL'cntaK*.'’^'' 

<'0 ('ll, 

inpositioii b) 

Ifoav) p 

Oils 

'iiluiiie. 

0 . X.. 

0 Th (’ 
}ior 

('ll Ft. 

<;u Ft 
of Air 
rts|Uiieil 
per 

(’ll Ft. 
(ias 

Town 

45 

10 

33 

5-3 

■5 

■3 5-7 

575 

5-0 

l>ow.son pres¬ 

19-8 

23-8 

1-3 


(i-3 

48-8 

144 

1-4 

sure. 









DoiX'son suc¬ 

13-2 

25-3 

■3 


5-4 

■0 55 2 

122 

•93 

tion. 









Mond pressure 

lH-0 

27 3 

3-3 


5-2 

.. ,47 (i 

105 

1-4 

Blast turnace 

2-3 

24-8 

•8 


5" 

.. 0<i-4 

08 

■75 

K^as. 


1 








Combustion Bala of Gases. 


i (lubio Feet for 

Sjiccillc Heat iCutiijilete ConibuHtioii 


1 lA.^ 

DiiiMty 

l.li'- pet 
Cll. Ft 


I 

per Cubir Foot 

• 

('onstaiil 
I’resiui e 

Constant ! 
Volume 1 

Oi 

Air 

Air» . . 

■0809 

■238 

■109 



Carbon monoxide, CO, . 

0784 

■210 

■170 ' 

■5 

2-4 

Carbonic acid, 

-1225 

■210 

1 

•153 



Marsh <<as, ('Hj, . 

■0448 

-.593 

■470 : 

2 0 

9-0 

Acetylene, ('gHj* • * • 

■0727 



2-5 

, 12 

Olefiant gas, C^H^, 

0784 

•404 


3-0 

14-4 

Hydrogen, H^, 

■0050 

3^40 

2-41 

•5 

2-4 

Nitrogen, N 2 , 

■0784 

■244 

■173 


i 

1 

1 

Oxygen, 0,, 

■0890 

■218 

•156 ! 


1 

1 
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Flue or Exhaust Gas Analysis.- In order to determine the 
principal constituents of fine or exhaust gases, a sample of the 
gas is taken and the proportions of its principal constituents are 
determined by a gas-samplmg apparatus. 

'I’he principal constituents of tile gases in the flues or chimney 
of a boiler are as follows : 

Sj initol. 


1. Oxygen,.0 

2. Nitrogen, ....... N 

.'i. Oarboii dioxide, iisiuilly called carbonic acid 

gas, COj 

■I. (.larboiiic oxide (caibon nionoxide), . . CO 


The object of the analysis is to determine the percentage of 
these gases present, and to deduce therefrom the amount of air 
actually enteiiiig the furnace, as compared with the air theoretic¬ 
ally necessary for combustion. If all the air admitted to the 
furnace could be brought into such intimate contact with the 
fuel that every atom of the oxygiui contained in it could be 
utilised for the jiurjioses of combustion, the escaping gases would 
practically consist of only carbonic acid and nitrogen that is, 
each atom of the carbon in the fuel would unite with two atoms 
of oxygen in tli<‘ air admitted, fonmiig CO^, the nitrogen passing 
through unchanged. Such a result, however, is unattainable, 
and unless an excess of air be admitted, the carbon will not bo 
completely consumed, and t'O, consisting of one atom of ’carbon 
combined with one atom of oxygen, will be formed, iirstcad of 
(Tl,. The formation of CO results in a very serious loss of heat, 
and, therefore, must be |irevented by admitting some e.xcess 
of air. 

Orsal Appnrahif: -One of the most useful forms of apparatus 
for this i)ur|)Ose is the Orsat apparatus shown on the accoinpanying 
diagram, tor which we are indebted to the handbook. Steam, 
issued by Messrs..Babcock tk Wilcox, Ltd. 

The Orsat apparatus enables the percentage of oxygen, carbon 
dioxide, and carbonic oxide to be ascertained' directly. The 
remainder is usually considered to be nitrogen, as, although 
there are traces of other gases, they are insignificant. 

The apparatus consists essentially of a measuring tube A, 
into which a sample of the gas is drawn, and of three other 
vessels B, B^, and B^, which contain substances capable of 
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absorbing respectively, carbon dioxide, oxygon, and carlionic 
oxide. 

The method of using the a|>|)aratus is a.s follows . 

Through a .suitable hole m the ehiniiiey, uptake, or Hue, iii.sert 
a piece of iron tube, long enough to reach well past the centre, 
the tube having saw slits in its eireninfereiitial plane for a length 
of 12 inches or more. Tf desiri'd, a tube perforated with small 
holes may be used. 

Sec that the aperture in the chinmey, round the tube, is tightiv 
plugged, so as to luevent air (which would probablv vitiate the 
results obtained) being drawn in 



(>H.S-\T I'H'I Al’r\K\TL'^. 


Place the Orsat- aj)j»aratus m a convenient position nenr Ili<‘ 
chimney, the bottom of the apparatus beinji, about 3 feet 
above the level of the feet of the obsiu’ver, connect tin* outer 
e!i(l of the iron tube to tlie Orsat apparatus by an india-rubber 
pipe D, having a U-tube filled witli glass wool insertfsl at llu' 
position marked 15, so as to intercept flin^ dust. 

The bottle C is to lx* filled about two-thirds full of water, 
and connected to the bottom of tln‘ measuring tulie A by an 
india-rubber tube. When this bottle is placed on the top of the 
case containing the ajiparatus, or at some other convenient 
similar height, the water will naturallv flow into the vessel A 

9 
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If, then, the liottle (i be placed below the apparatus and the 
cock a opened, it is evident that as the water flow.s out of A the 
ga.s will be drawn in from the flue and take its place. Draw 
in the gas well below the zero mark, and cut off the connection 
with the Hue by closing the cock a. Then lift the bottle C, so 
that the water level in it e.xactly coincides with the zero mark 
in the, measuring tube, and open the three-wav cock a to the 
atmosiihere to allow of the surplus gas escaping. We thus obtain 
the tube A full of gas at atmospheric pressure. Again close the 
cock a. Then, by opening one of the cocks h, or (i.^, the gas 
contained in the measuring tube A can be forced into either 
of the vc.s.scls 1!, lij, or B,. bv raising bottle (' so that water 
flows into A, line care being taken that the water never ri.ses 
above the mark at the top of the measurnig tube. The vessels 
B, Bj, and B, contain the following reagents . 

Vcied Hranfiit To \l)«orb 

B. One |iart commercial caustic potash and two 

parts of water (solution of sp. gr. 1 -2), . . COj 

B]. Five grammes pyrogallic acid dissolved in 15 c.c. 
water. 120 grammes caustic |iot<ish dissolved 
in 80 cc water Th(‘ two solutions to be 
mixed, .... . . 0 

B,^ Saturated solution cuprous chloride m hydro¬ 
chloric acid, . . ... CO 

These absorbing vessels should be filled rather nio'rc than 
half-way up with the reagents 

It IS essential that the ijas to he tested be passed through the different 
reagents in the order given above, otheririse incorrect results mil 
he obtained. 

The vessels B, B,, and B,. contain small gla.Hs tubes. These 
are used with the object of giving a greater wetted surface to 
absorb the gas introduced. 

The tubes with copjier wire round them are for the vessel 
Bo containing cuprous chloride. 

Note. —Care should be taken to kceji the pyrogallic solution 
from air, as it absorbs oxygen rapidly. It is best to mix the potash 
■solution with it in the tube. 

The measuring tube A is, for convenience of calculation, 
marked off into 100 parts, so that percentages may be easily 
read off. 
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At the moment of measuring the volume of gas in the graduated 
tube, the water bottle nni.st be held at such a height that the 
level of the water in it is exactly the ,sam<’ as in the graduated 
tube, otherwise the gas will be compressed or expanded by the 
difference between the two columns of water. 

Before commencing the test get rid, as far as possible, of the 
air in the connecting tubes by using the small hand bellows 
shown ; then draw' several samples of the gas into the, mi'asuriiig 
tube, and discharge each to the atmosphere through the three- 
way cock a. Having obtained an undiluted sample, shut the 
cock a, open the cock h. and force the gas into the vessel 15. 
Draw the gas back into the ve.ssel A. and repeat the operation 
three, or four times, so as to ensure the thorough absorption of 
C'Oj. The last two leadings on tube A should give the .same 
result, showing the absorption is eomph'te. 

Follow the same procedure witli the remaining two ves.sels 
B, and Bj, taking the reading of the rediieed quantity of gas 
ill the ve.s.si'l A after eaidi o|ieratioii. 

C ().2 IS absorlx'd by the caustic jiotash solution very quickly, 
and it will be found that pa.ssirig the gas three limes through 
the absorbing vessel B will generally be quite sufficient. The 
gas, howi'ver, must be passed through the pyrogallic solution 
at least five or six times in order that the oxygen may be all 
ab,-orbed. If this be not done the oxygen remaining will be 
absoibed by the eii|irous chloride, and will be mistaken for 
(’0. although there may be none of that gas present 

The total of the perciuitages of the three gases, COj, CO, and 
0, should lij! about ll)-.5, and this rule mav be used as a rough 
cheek on the analysis. 

.\s the, percentage by volume of oxygen in air is 21, the volume 
of air corresjionding with any given volume of oxygen may 

be found by multiplying by or l-7ti2. The volume of air 

corresponding to a givim volume of CO, may also be found by 
multiplying by the same figures. 

Example.- Analysis shows 

Then air used for combustion 
And excess air 


, 13-5 COj 

6 7oO 

1.3-5 X 4-762 -= 64-3 
6 X 4-762 = 28-6 


92-9 
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The percentage of excess air above that which is necessary 
for combustion is, therefore : - 


100_x 28-6 
”'‘ 64-3 ■ 


44-4 per cent. 


Care should be taken with regard to the following points : 

1. The absorbent should not be forced below the point D, 
or some of the gas may escape and be lost, and, of course, an 
incorrect result obtained. 

2. 'Pile absorbent must be at exactly the same level in the 
tube say at (c)- when measuring the volume after the gas 
has been absorbed as before. 

3. Time must bo allowed for the water to drain down the 
sides of the tube A before taking a reading. The time must 
bo the same on each occasion, otherwise more water will drain 
down at one time, than another, and an incorrect reading result. 

Calculation of Composition of Products of Combustion from 
Perfect Combustion of Fuel of Given Composition - From a 
consideration of the chemical formula! represiniting the com¬ 
bustion of the various elements of a fuel, we can consider the 
question both from the weight and the volume point of view 

Take, for instance, the case of carbon ; we havc- 

(’ f Oj CO.,. 

This means that from the weight aspect 12 lbs. of carbon combine 
with 32 lbs. of oxygen to give 11 lbs. of carbon dioxide. * 

This formula shows that one molecule of oxygen produces 
one molecule of CO,, and by Avogadro’s hypothesis molecules 
of gases have the same volume, so that 1 cubic foot of o-xygen 
must produce 1 cubic toot of carbon dioxide. 

Take, next, the case of carbon monoxide, CO. The chemical 
formula gives- 

2CO-f 0, - 200,. . 

That is, 56 lbs. of carbon monoxide combine with 32 lbs. of 
oxygen to give 88 lbs. of carbon dioxide. Ajso, 2 cubic feet 
of carbon monoxide combine with 1 cubic foot of oxygen. 

For hydrogen we have— 

2H2 + 0, = 2H5O ; 

i.e., 4 lbs. of hydrogen combine with 32 lbs. of oxygen and 2 cubic 
feet of hydrogen combine with 1 cubic foot of oxygen. 
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As ii final example, take methane or marsh gas, CHj— 

CII4 4- 20,, =. CO2 + 2H2O; 

i.e,, 10 lbs. methane 01 lbs. oxygen ■ 14 lbs. carbon dioxide 
4 30 lbs. water: I cubic, foot methane2 eubie feet oxygen 
give I cubic foot carbon dioxidi-. 

The o.xygen for combu.stion is in ])ractiee su|i|)hed in the form 
of air, the coiiipo.sition of which may be taken a.S" 


Oxygen, 

lly WoiKia 

. 23 

By Volume 

21 

.N'ltrogen, 

, 77 

79 


to produce a gas necessitating 1 volume of oxygen, we nui.st 

• I ) 

have j I -70 cubic feet of air, and 3-70 cubic feet of nitrogen 

^ |(f0 

will lie produced : and for 1 lb of oxygen wc requite 4-35 

lbs of air contaiiiiiig 3-3.') lbs. of mtidgeii. 

We can best explain the ap[)lication of the.se data to calcula¬ 
tions 111 practice by the anl of a numerical example 
Numerical Example. A xample of coal has 8ti per rent, by 
ireiyhl ofcathoit, 44) per cent, of hydrofieii, dial I -0 per cent, oxygen, 
the remainder being ash. (Uikulate the piopoiltons by volume of 
the resulting fluegases assuming perfeet eombustion and the number 
of cubic feet of air required per pound of fuel to alloie this eonihustion. 
Caibon. -dO lb |ier lb. of fuel. 


^'eight of o.xygen required 


•8(i X 32 

* 12' 


2-2i) lbs. 


Weight of t’Oj produced — ' 3'15 lbs. 

Hydrogen -049 lb. peril). 

■019 32 

Weight of o.xygen required ; — - - -39 lb., and -O'l is 

present in the coal, 

.Additional oxygen reipiired -35 lb. 

In an analysis of the flue gases, the steam would condcn.se, 
and would not be measured. 

Altogether, we have used 2-29 4 '35 -- 2'64 Ib.s. of oxygen, 
which will occur in 2-64 X 4-35 -- 11-45 lbs. of air, and leave 
8-81 lbs. of nitrogen. 

Therefore, our flue gas will contain, for each pound of fuel 
burnt, 3-16 lbs. of COj and 8-81 lbs. of nitrogen. 
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Thercloro, from table on p. 127, 
Number of cubic feet C'O^ “■ 


.3; 15 
•1225 " 


25-2 


Nj 


.H-HI 

•0784 


112 


1.37 


Per cent, composition by volume us given by— 

2.5-2 X KX) 

(JO, ---= - - 18-1 per cent. 

M 112 i- 100 

Nj -- pf'i'fe'iit. 

Now, let us consider vvliat tlie Hue gas analy.sis would have 
been if there, had been no hydrogen in the coal 

We .should then have 2-2h lbs of oxygen employed, jiroduemg 

2-29 X 77 , 

- - — =. 7-G() lbs ol nitrogen. 

Ju 

.-. The, flue gas will contain .‘3-15 lbs. of 00.^ and 7-f)fi lbs. of 
nitrogen. 


.-. Number of cubic feet of CO, 
N, = 


7-(iG 

•oT84 


25-2, as before 
97-7 


_l^-9 

25-2 

.-. Per cent, composition by volume CO, j2^l ^ 

N.J =- 79-5. 

This is practically the same composition as the air, anil the 
difference therefrom is due to small errors introduced by approxi¬ 
mate calculations. 

Since one volume is employed to produce one volume of carbon 
dioxide, it will be clear that the oxygen volume in the air will 
be exactly replaced by carbon dioxide when the exact theoretical 
amount of air for perfect combustion is employed. 
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Calculation of Excess Air from Volume Analysis of Flue or 
Exhaust Gases.- There are a number of inetliods of computing 
from the analy.sis of flue or exhaust ga.se.s tlie amount of excess 
air provided during the combustion. 

One of tlic most simjile i.s the use of tlie relation 

Kxcoss air volume of Oj in gase.s 

Air required to burn the carbon to CO .2 volume of COj in gases 

The weight of air required to burn the carbon to CO.^ is obtained 
from the relation- 

Weight of carbon bm iit to CO, volume of CO.^ 

Weight of carbon burnt to CO volume of CO’ 

Thi.s relation holds, becau.se there is an equal weight of carbon 


in equal volumes of CO and CO, 2 . 

Because we have ■ 

C f- 0. .= CO.,.(1) 

‘2C i-0, - 2C0.(2) 


In (1) and (2) the .same volume ol O^ produces 1 volume of 
CO 2 and 2 volumes of CO, and eiiqilov.s 1 «eight and 2 weights 
respectively of carbon, so that m equal volumes of the two gases 
there will be equal weights of earboii 

A numerieai examjile will make the proeediire dear. 


Fuel (Weight) Drieii Flue Oas (Volume) 


. . . 

72 per cent. 

('0 „ . 

12 per cent. 
•1 

H 2 , 

. 3-t „ 

co’ . 

Ash, 

. 24-(; „ 

0 , 

b 



N. . 


We have. 




Weight of 

carbon burnt to CO, 

vol. (' 0-2 

120 

T - 

Weight of carbon burnt to CO 

vol. ('0 

Weight of oarbon burnt to CO 2 

•72 X 3lf 

31 " “ 

•70. 


Weight of air required to bum this to CO 2 

Q 1 tKi 

= -70 X - X 23 = 8-1 lbs*. 
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•. Excc.ss air (jor lb. fuel = 8-1 x 


volume 0 


volume COj 
8’lj< 8 


5-4 lbs. 


Calculation of Heat Lost by Products of Combustion, etc.— 

Ill preparing a heat balance for a boiler trial, it is common to 
consider heat losses under the following heads :— 

(1) Heat lost by products of combustion. 

(2) Heat lost by e.xcess air. 

(3) Heat lost by incomplete combu.stion. 

(1) Ileal Lost by Products of Conihustion .—To obtain'this, 
we first require to know the wetght of products per pound of fuel, 
and the method of determining this will be followed from the 
following treatment of the numerical example previously con¬ 
sidered --- 

Weight of air theorencally required per ])Ound fuel 
Il'bC + 34-8 H. 

1(X) 


(^The 1 


l-(i 


32 KK) 
12 ^ 23 ’ 


the 34-8 = 8 X ■ 


XI X 

23-; 

. 11-0 X -72 4-.34-8 X 3-49-6 lb.s. 

Add weight of combustible m fuel - -75 lb. 

Total 1()’3 lbs. ^ theoretical weight of gases. 


Weight of (' burnt to CO., volume COj 
Weight of (' burnt to CO 

Weight of 0 burnt to Ct)^ 

Weight C0.2 per lb. fuel - 

„ CO 


m 

T 


•70. 


volume CO 
•72 X 30 
" Tl^ 

•7()_x 44 

•02 X 28 
12 

•034 X 9 = -31 lb. 


30 


: 2-57 lbs. 


•60 lb. 


2^93 lbs. 
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Weight of N jijr lb. fuel =10-3--2-93= 7-1 lbs. 

.-. If is the teiiiperatiire of the flue gases, we have from 
the table of specific heats on p. 127— 

Heat carried awav by COj 2-.57 X -216 X t. 

„ „ ' CO : -0,5 X -210 X I. 

„ ., HjO -31 X -18 X t. 

„ „ Nj ^ 7-1 X •211 X t. 

(2) Heat Lost by Excess Air.— We first estimate the exce.ss 
air III lbs. per lb. of fuel, in the case considered, we have already 
found this to be 5-1 lbs. 


.-. Heat lost by excess air — 5-1 x '238 x t. 


(3) Heat Lost by Incomplete Combustion. It will be seen from 
the figures given on p. 127 that if I lb. of carbon be burnt to 
carbon monoxide 10,200 B.Th.U. will be best, due to incomplete 
combustion. 

•. Heat lost from this cause in any given case jier lb. of fuel 
- carbon burnt to CO X 10,2(X). 

Chimney Draught. - The intensity of draught of a chimney 
depends upon the difference in weight of the inside and outside 
columns of air. 

If h IS the height of the chimney in feet, and A is the cross- 
sectional area in square feet, and r, and are the absolute 
temperatures inside and outside the chimney, then if the pres¬ 
sures iifiide and outside were the same, the weights of the two 
columns of jir would be- 


A/ix- 080!) , A/iX-0809„ , , 

192 X - — -and 192 X -lbs. respectively, 

because freezing ])oint on the absolute Kahrenheit scale is 192". 

•. Draught in lbs. per ft.^ ■--- 192 X /i X -0809 ^ -- j. 


Chimney draught is usually measured in inches of water, and 
12 inches of water represents 62-5 lbs. per square foot. 

n w ■ r r ^ 492 X -0809 X 12 , / 1 1 \ 

• •• Draught 111 inches of water ==-—- xh{ - 

62-5 V T, r,/ 


<! - 7-(i /) 



1 _ 

Te 


)■ 
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A slight modification of tliis formula, given in Messrs. Babcock 
& Wilco.v’s handboolc, Steam, i.s- ' 



Tile following diagram, rojiroduced by permi.ssion from this 
liandbook, gives the theoretical draught ])ower of chimneys 
of different heiglits for varying outside air temiieratures at 
atmosplieric pressure ; this may lie calculated by the formula 
given above For e.vamiile, to ascertain the draught power of 



DIAGRAM OF THEORETICAL CHIMNEY DRAUGHT POWER 


a chimney 200 feet liigh with an outside air temperature of 
80^ F., and with tlie temperature of the chimney gases at 400" F., 
find at the bottom of the left-hand side of the diagram the figures 
400° P., follow the vertical line ujjwards until it intersects the 
80° F. air curve, then trace this horizontal line across the diagram 
to the right until it bisects the 200 feet chimney line, when the 
draught measurements will be found indicated at the foot of 
the vertical line below—viz., -98 inch. This figure gives the 
theoretical draught power, the actual draught power being less 
owing to friction and other losses inside the chimney. 
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Lk( tukl V'I 11 Qckstion^. 

1 Jt iit) lbs. ot air are used to bum a pound ot coal contaunn^' 

]l Til.LI., and tho temperature ot tlio Hue gasc.s is 550® K., wliat ]'or cent, 
ot heat IS lost up tho cliinuKiy it the tetnperaturo ot tlie boiler room is 
TO® F. ? .l«.s-. 23*7 ix!>r cent. 

2. A coal fuel has tho tollowmi; iiercouta-re composition :—C 75, 
Jt .2 5, ()., 3, Nj remainder ash, etc. Find the weight of air tlioo- 
rotically required for complete combustion, and tho theoretical resultmg 
temperature il tlie air actually supplied is twice that theoretically neces¬ 
sary • .1?/.?. 10 0 Ih. air; 2,000® F. 

3. A flue gas analysis sliows tlio followui'' analysis m percentages by 

volume 12, CO 1, O^ 7, N, 80 Kind tho an used m burning coal 

if the ]>ereontn,uo composition ol tho fuel b\ weight is (' 80, ll. - 4, 

(>a -2. dies'. 15 lb. 

4. Coal, known as W'^avne s Mertliyi coal, ha.s tlie following isunpositioii 

(percent ) ('87-40, H 3 (iO, O 2 OO' N 1 17, S -70, a.sh 3 OO, moisture 1-20. 

Fmd the calorilio value jier ]>ound. Kind also tho calorific value |K>r pound 
ot ololiant gas (Cdl 4 ). .l«s. 14,700 IkTli.C. , 21,200 B.Th.Ik per lb 

5. In a boiler the tollowing analyses ol coal and flue gasos were obtained . 


('o.\L (by weight) (j ishs (liy volume) 


c. 

80-5 pcM' cciil 

CO., 

0-70 per cent 

11, . 

4 7 

co' 

1 47 

(J. . 

0 4 

0 . 

8 47 

N, • . 

V 

I -5 
.«) 

N, 

80 27 

0 , 

WaloT. • 




Ash, 

4 



Total. 

KtO 

'fotal. 

10" 


r—— 




Kind the excess air |ier pound and tho weight carbon ]>or pound burnt to 
(X> and CO., respectivelv. 7 lbs. excess nir |x*i 11) , ‘70 lb. burnt to 

CO 2 ; -105 lb. to CO. 

6. In the previous question, if the inlet tem^ierature of the air is 80' F. 

and the flue temperature is 580® F., find per pound of fuel tho heat carried 
away by tho products of combustion, by excess air, by moisture, and the 
heat lost by incomplete combustion. ('omjiaro those with the heat available 
m the coal, By pro<lucts, 1,257 B.Th.U. ; by excess air, 830, by 

moisture, 570 ; by incomplete combustion, 1,0()0 ; available heat -- 14,130 
B.Th.U. per lb. 

7. Tho following figures are taken from the report of a trial of a four¬ 
cycle oil engine. Analysis of dry exhaust gasos, by volume, per cent. :— 
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COj 12*1, CO 2 0, Oj 2-0. N'j ('ornpositioii of the oil by weight, per 

pound {apjiroxiinate):—(' 0-86 U>., 11 0-14 lb* The tonij^eraturo of the 
exhaust Icaviny tlie enyine was 800"^ F. (42G-5 and the tomj)erature 
of the air 02"’ F. (10 f)'’ Caleulato the heat earned away by the exhaust 
^asoa jier pound of oil used. The steam formed by tlio combustion of the 
hydroiioii ])assos aw'ay as superheated steam. Specific heats of the gases 
per pound -COj 0 2*18, CO 0 248. Oo (» 218, Nj 0 244. 

8. Find the maximum efficiency of the generator of a suction gas [iro- 
diicer, the composition of the gas |)rodiiced, and the calorific value jier 
cubic foot, assuming that the fuel is carbon, au<l that air only is passed 
through Iho fuel ; given that 1 lb. of hyilrogen occui)io.s 178 8 cubic feet; 
that tlie calorific value of carbon monoxide is 342-4 B.Tii.U (190 2 C.H.U.) 
per cubic foot; and that tlio calorific value of 1 lb. of carbon is 14,544 
B.Th.ll (8,080 (^H.Lb). Wliat is the effect of admitting steam m iwldition 
to the air (u) on the working, (5) on the ofticioncy of the producer. 

9. In a boiler trial 3,000 lbs. of coal were consumed m 24 Imurs. Tlie 
weight of water evaporated wa.s 28,800 lbs., mean steam pressure by 
gauge 95 lbs. Tlie coal contained 3 ])er cen(. of moisture and 3 9 per cent, 
of ash by analysis. Detormino'the efliciency of tlie boiler, ami tlie equi¬ 
valent evaporation (1) per ])Ound of dry coal. (2) jier ])ound of cunbustibie. 
Feed wator lompeiature 95"’ F. or 35"' (', (’alorific value of I lb. of coal 
13,000 li.Th.U., or 7,222 C.Jf.U. ; total heat of 1 lb. of steam at 110 lbs. 
pi^r square inch absolute 1,184 B.Th.U., or 658 C.H.U 
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IjECTUItK Vlir. y? M.Inst.C.K. questions. 

1. Tlio volumotrio analysis ot‘ the rtiK" •'as ol a hoilor ^avo tin* following 
rosulta (.'(> 2 , 10 jior coni, ; oxyuon, 0-7 por cent. ; mtnij'cii, 80 3 por cent 
Find the weight of air supplied per })Ouncl ol (Hial if t)io coal contained 
82 per cent, of carbon, 5-3 per cent, of hydrogen, 4 per cent, of asli, and 
8-7 per cent, of inconitmstiblo jiaseons products. 

2. (liven tlio anal^sj.s of tlie tuol, ot ijic Hue ^mso.s. Hie temperature of 
the Hue ^.ovses leavin<r the. boiler, and the temiioratiire ot the air in the 
boilor-rooni, explain the method ol caloulalm</ tlio heat earned away liy 
the Huo eases ])6r pound ot iiu'l. 

3. The thermal eHieieney of a jras onume \vorkm}i with .suction ^as la 
30 })er cent. The oHicieucy ot the producer us 80 |)or ciuit , ami anthramlo 
ot 14,000 B.Tli.l' jier pound us use<l, costim^ 28s. per ton. The overall 
thermal othcieney ot a .steam plant is 13 i^er cent., usm^f coal of 12,r)tH) 
B.Th.U. per ])ound, co.stmy; I2s [icr ton. 'I’he brake* elliciencie.s are 8t) and 
02 per cent lor the t^as and the steam on<.onc respectively What is the 
cost ot fuel ill each case workmy at lUt) 11 If 0 lor 3,<M)0 houi.s, omittin;^ 
stand-by losses ? 

4. The consumption of steam coal costm<i; 19s. jK*r ton m the case of a 
cojulensiim ovcif.ypc siipcihcatod steam enyino, is 1-4 11 >h. jier B If.B.-hour 
when dovoloping 200 K.ll.P , and I 0 lbs. j>or B.H.P.-iiour when dovelopini; 
5(1 B.H P. A suction ua.s plant ha.s a imnsumption ol anthracite (costmt' 
28.S. })or ton) ot 0 0 and 1-7 lbs. ]>or B. H. B.-hour at the same loads respec¬ 
tively. Draw the W'lllans lino in both ca.sos, ami find at what load tlio cost 
of fuel fey' tlio steam plant, is equal to that of the suction jias jilant. 

3. 'J'lie thermal olheu'ncy of a j^as producer is 70 per cent., that of the 
enuino it i.s •sufiplymi' witfi ^a-s 33 ]>er cent., and the brake etliciency ot the 
ennino is 80 per cent. 'I'lic oalontic value ut tlio tuci is 14,000 B.Th.U. 
Calculate the fuel consumption jier B.H.P.-hoiir. 

0. In a boiler trial the following analysis of the Hue gases was obtained :— 
By volume—carbon dioxide, 13 ])er cent. ; oxygen, 0 {ler cent. Find 
tlie iKiunds of air ])Or pound ol coal if the carbon m the coal was 83 jier 
cent. (Air consists of 23 percent, ot oxygen by weight.) 

7. Explain how you would determine tlie carbon dioxido, carbon mon- 
oxule, and oxygen present in the Hue ga.s of a steam boiler. 

8. The analysis the Huo gases by volume for a steam boiler is—’COj. 
10-5 per cent. ; Oj, 4-9 per cent. ; C’O. 0-3 per cent ; and N, 84-1 per cent. 
Find the exce.ss of air present. State what data would be required to deter- 
niuie the heat lost m the Hue gases, and the method you would adopt 
for determining tlie loss. 

9. A gas used in an internal-combustion engine had the following com¬ 
position by volume :—Hydrogen, 43 per cent.; marsh gas (CHQ, 36 per 
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cent.; carbon monoxide, 15 per cent.; nitrogen, 4 per cent. Find the 
volume of air required for the combustion of 1 cubic foot of the gas. (Oxygen 
in air is 21 per cent, of volume.) 

10. The gases from a boiler flue pass through an economiser, entering 
at 650'’ V. and leavmg at 350'^ F. If 4,000 lbs. of feed-water per liour 
are rai.sed by this moans from OO'^ F. to 2.'50' l'\, find the weight of chimney 
gases passing through the economiser per hour. Sj>ecifio heat of the gas 
= 0-24. Assuming 10 Ib.s. of water ovaporateil per 1 lb. of coal burned, 
find ap}>roximately tlie weight of air used per 1 lb of coal burned. 
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INTERNAL COMBUSTION * ENGINES GENERAL THEORY. 

Contents --Introduction •-The Otto or Four-Stroke (.'vcle--nu* Clerk <»r 
Two-stroko Cyclo—Tlio J>ay Two-stroke Fni'ino --Indicator Diagram 
for Two-stroke Kn^nnc--'I’lie Atkinson Kn^nne—.Sca\enum^' in Internal- 
combustion Fnj'inos—'Hie Explosion in Jnternal-ooinbu.stioii Kn^iiin's 
—Theoietioal Pressures and 'I’einjieratures Obtauiablo : tJio Dis¬ 
sociation Theory; Tlie \Vall-action or Coolnm Theory; the Alter- 
burninj; Tlieory ; the ^’aIlable .Specilic Heat Tlioory--Uhe Strenj^th 
oPMixturo—Tlie Rate ot Flame Propagation ; Explosion - -(Questions. 

Jn the steam en|;in(‘, the heat ^enoratiul by the eombiistioii of 
the fuel IS utilisial to ociK'rnte steam, which is the working lluid 
of the (*ngine. This results in a loss of heat involved in the 
generation of the steam in addition to tliat involved in tin* 
working of the engine {iro]H*r. 

In an internal combustion engine tlie actual jiroci'ss of com¬ 
bustion takes place in the evlindor itself. As a ri'sult, it is possible 
to obtain inueh higher tem[)eratures in the cylinder, and, as 
W'ould be expected from the .second law of thcrmodvimmics, 
this results in greater thermal efliciemw of the (‘ngiin*, even 
though it is impossible in firaeliee fully to utilise the high tem¬ 
peratures involved. 

The Otto or Four-Stroke Cycle. We Imve already consideied 
in Lecture ly , from the thermodynamic slandjioint, the standard 
cycles employed in internal-combustion engim's . w'e now will 
consider the cycles from the meehanieal [loiiit of view. 

The most eonimon cycle empioyi'd m practice is the Otto 
or four-stroke cycle. It is named after Otto, wlio in 1876 designed 
the first internal-combustion engine to be adojited extensively 
in practice. The credit, however, for the cycle should be given 
to Beau de Rochas, who outlined the process in a pamphlet 
published in 1862; he was the first to suggest compression of 
the charge without the use of an auxiliary pump. 

As the name implies, four strokes of the piston are required 
to complete the cycle : these arc .-- 

(1) Suction stroke, during which the piston moves forward and 
the charge of air and gas or atomised oil (the explosive mixture) 
is drawn into the cylinder. 
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(2) ('oiiipressioii droke, diirinf' winch the (liston returns and 
coni})r(‘SM('s the cliar^i* int^i the clearance space. 

(5) Shukr. 'I'he coinjiii'ssed charfie is fired when the 

piston reache.s its dead ])Oint In most I'neines this causes an 
explosion accompanied hv very eonsideiahle iiicreasi' in |)ressure, 
and the ea.s lexpands as the stroke proci'eds As we shall see 
later, e.vplosion occurs in all internal coinhustlon eiifriiies e.xcept 
the Die.sel eii};iiie, in which comhiistlon proceeds over all ap|)reei- 
ahle lime period 

(I) liiiidiisl shokc, diiniii; winch the piston |■l‘tllrlls and drives 
the hiirnl liases out id the evlinder 

The resiiltiiie diaeram tlieii takes the foini shown 


D 



In the. case of siiigle-aetiii)! engines, and ino.st iiiteiiial- 
conibiistion engines arc single-acting, it will he seen that only 
one .stroke of the piston in four is a jirodiictive stroke, so th.it 
for at least three-((uarters of the rniiiimg tinii' of till' engine 
the |iart.s of the engine are not doing work. M(ircover, the 
explosion sets up high stres.ses, which the cylinder and associated 
parts of the engine must he strong enough to resist; such parts 
are, therefore, working at full load for only a fraction of their 
niniimg time 

These shortconnngs of the engines do not affect their theriiial 
eflieiency, but they do affect the practical values of the engine, 
and iiiaiiy interiial-conibustioii engines, though possessing higher 
thermal eflieiency, are actually more expensive to run than 
steam engines. Tnternal-comhustion engines ane. however, more 
convenient in u.se, especially for small power. 

It is due largely to the development of producer gas plants 
and of I'ligines capabh' of working with crude oil that internal- 
combustion engines of large powers have come into use in recent 
years. 
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The various valvc.s in a four-.strokc cycle are usually controlled 
froiii a caiofsliaft driven at one-half of the speed of tJie main 
shaft, so that each valve is operated once in two revolutions 
of the main .«haft of the engine. Many detailed examjiles of 
four-stroke cycle engines are gieen later in this book. 

The Clerk or Two-Stroke Cycle. —With a view to reducing the 
number of idle strokes in the internal-combustion engine, Sir 
Dugald Clerk introduced in 1881 an engine in which the explosion 
occurs once in every forward stroke of the pi.ston instead of once 
in every alternate forward .stroke, as in the Otto cycle. 

A diagrammatic section,* through an air-cooled two-stroke 
cycle petrol engine is given herewith. 

Thi' power piston A, when near the bottom of its stroke, 
overruns a belt of ports B, through which the burnt ga.ses at 
once e.scape into the atnios])here, as indicated by the arrows. 

0 C is a charging luinip driven by the engine, by which car- 
biiretted air is drawn through the carburettor U and automatic 
suction valve E, and delivered through the |>i])e F F and auto¬ 
matic inlet valve H to the top of the combustion chamber. 

As arranged, it will be seen that when the power jiiston A is 
near the bottom of its stroke,-the pumj) plunger is moving 
rapidly towards the left, compressing its charge of carbiirettcd 
air : so soon, therefore, as the pressure within the jiowcr cylinder 
is rein ved by the exit of the burnt gases through the ports li, 
the su[jerior pressi^rc above 11 causes this valve to open, and 
fresh mixture- at a pressure of ,4 to .5 lbs. per square inch, 
immediately flows into the cylinder, displacing the burnt gas 
and assisting its escape. To render this action most effectual, 
and at the same time to guard against loss of fresh mixture 
t hroiigh the ports B, the combustion head is made of the expanding 
conical form shown in the diagram. Exhausting and charging 
thus occur simultaneously in the Clerk two-stroke cycle engine. 

The piston on its up-stroke tinst covers tlie |)orts B and then 
comprcs.ses tlie entrapped fresli mixture, tlie valve 11 auto- 
iiiatically closing as soon as compression begins, at or near 
the top of the stroke the compressed eharge is fired hy the ignition 
plug K, and the working stroke follows : lienee every down- 
stroke is a working stroke, and tills engine accordingly gives 
one working impulse per single-acting cylinder per revolution. 

* This and the next illustration, together witli the description, are re. 
produced by pcnnissioii of the publishers from At-ru Kngmefi, by G. A. 
Burls, M.Inst.C E., published by Messrs, Charles Gnfiin & Go., Ltd. 

10 
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TH^ DAY TWO-STROKE ENGINE. 

If the ckaring-out, or “ scavenging ” of the exhaust gases 
were as complete as in a four-stroke cycle cylinder, and if as 
great a quantity of fresh mixture coukl be introduced in each 
charge, and if the mechanical elllcieiicy of the two-stroke engine 
could be made as high as t' at of the other, then the two-stroke 
engine woulil develop the same brake mean effective pressure 
as its rival, and hence at the same revolution speed would give 
twice as much B.H.P. 

In practice, however, this is not realised; the burnt gases 
must escape during the short interval of time that the exhaust 
ports B remain open at the end of each working stroke, while 
the fresh charge has to enter the combustion chamber in jirac- 
tically the .same interval; thus the .scavenging is imperfect, 
and hence the amount of the entering fresh charge is less than 
in the four-stroke engine, wherein there is rather more than one 
complete stroke given up to each of the operations of exhausting 
and charging; moreover, the presence of the rather bulky 
charging pump reduces the mechanical efficiency of the engine. 

Mngines operating on the Clerk two-stroke cycle have proved 
very successful in the case of large stationary motors running at 
speeds of onlv 75 to 150 revolutions per minute, and many of 
these, of very large power, are at work, particularly in the well- 
known Koerting and Oechelhauser types ; the defects of the 
cycle are, however, aggravated in the small high-speed [letrol 
engine, and accordingly the tivo-stroke car or aero engine has 
yet to establish itself in favour. About 1012 a small quick-speed 
two-stfoke Clerk-cycle petrol engine was produced substantially 
as shown on p. 146 (except that it was water-cooled), known as 
the “ Dolphin ” engine; this showed a fuel consumption at 
full load and 1,000 revolutions per minute of only 0-C8 lb. of 
petrol per B.H.P. hour, with a power output estimated as 1 56 
of that of an equal-sized four-stroke engine. Though a well- 
ilesigned engine, the gain of power by the adoption of the two- 
stroke mode of working was thus only 56 per cent., while the 
addition of weight due to the charging jiuniji jirobably resulted 
in the weight-power relation being increased rather than dim¬ 
inished. • 

The Day Two-Stroke Engine. A very ingenious form of the 
two-stroke cycle engine was invented by Day in 1891, and is 
shown diagrammatically on p. 148, He dispensed altogether 
with a separate charging pump by causing the crank-chamber 
C C to perform this function, the lower part of the power piston 
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Day's Two-stroke Engine. 
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acfiiif; as the |)ump ])hingor , lie contrived, inoreovor, to disjiciise 
with the inlet valve Tby arranging for the ])owcr piston itself 
to act as both inlet and exhaust valve. Near the bottom of the 
down-stroke the ])iston A first overruns tlie exliaust poit B, and 
the burnt gases at once rush out: alino.st immediately after¬ 
wards the inlet port 11 is opened and the fresh charge under 
sliglit eonipression in the crank-chamber due to the de.seent of 
the piston Hows into the cylinder through the pas.sage F, and 
is detleeted upwards by a li]) P on the jiistoii, so as to prevent, 
as far as ]iossible, any short-eireiiiting through the e.xhaust B 
As in the jirevioiis case, the ascent of the piston first shuts off 
the ports U and B, and next eom])re.s.scs the fresh charge into 
the fiombiistion bead, wlicn it is fired and the working stroke 
follows, at tlic same time there is a jiaitial vacuum caused in 
the erank-ehaiiiber and the suction valve E accordingly opens, 
admitting a fre.sli charge of mixture from the carburettor f). 
This is known as the “ two-ported ” engine , by connecting the 
eaiburettor witli a port which is opened by tiie loiffr edge of 
the piston when near the top of its .stroke the valve E can be 
omitted . this is the " three-ported " Day engine, and in thus 
form the motor is valveless, though in practii'e it is usual to fit 
a sini])le non-return valve in the suction pi|ie, even in the three- 
poDed type, to reduce the liability to “ up,s(*t ” the mixture. 

I liough the simplest form of internal-combustion engine tliat 
has yet appeared, the Day eiigiiK' usually suffers in a somewhat 
marked degree from most of the defects of the two-stroke cycle 
already* referred to: the imperfect .scavenging eausiss the fiesh 
charge take.n by the c\hnder to become so diluted that great 
care must be excrei.sed in adjusting the carburettor to give just 
the requisite strength of mixture, otherwise the engine reverts 
to a .sort of four-stroke cycle, everv alternate down-stroke be- 
I'oining a '' scavenging ” stroke , thus the Dav petrol engine 
IS very sensitive ” on its mixture Further, tlierc is at low 
speeds a considerable lo.ss of fresh inixtiire by short-eircuiting 
across through the exhaust, at high speeds this loss is much 
ri’duced, but the xmlume of fre.sli ehargi' taken in is then much 
smaller. Some dests made bv Watson and Fcnning in 1910 
on a small three-ported 3|" >; 3}" Dav petrol engine shorved 
that at 600 r p.m. 36 per cent, of tlie fres]i cliarge was lost 
tlirou^rh the exhaust port, while at 1,20() r }).in tlie loss was 20 per 
cent. The volumetric eflficieucy was about 40 per cent, at both 
speeds, tht‘ greater lo.ss of fresh charge through the exhaust 
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port at the lower speed counterbalancing the larger volume of 
charge then entering the cylinder. 

The B H.P. was 4'2 at 1,200 r.p.m., and the mechanical effi¬ 
ciency at thi.s speed was 80 per cent., the value ot np being 
61.1 lbs. per square inch. Watson ?nd Fleming concluded that 
this engine gave at 900 r.p.m. about 1-47, and at 1,500 r.p.m. 
about 1-29 of the power of a four-stroke engine of equal bore, 
stroke, and speed. 

Notwithstanding its drawbacks, the combined advantages of 
simplicity, low production cost, and an impulse every revolution 
have resulted in very large numbers of these engines in the 
single-cylindered form being employed for the propulsion of 
small motor boats, especially in America ; in recent years also 
a large number of builders of motor bicycles recommenced using 
engines of this type in the production of light and low-priced 
machines. 



Indicator Diagram jor Two-Strolce Fnyme.- -The accom|)anying 
diagram illustrates an indicator diagram taken upon a Koerting 
gas engine, which is a double-acting gas engine working upon the 
two-stroke cycle; some further particulars of this, engine arc 
given on p. 172. 

The Atkinson Engine.-- Although mechanical complexity 
ultimately resulted in the engine becoming obsolete, the engine 
invented by Mr. Atkinson in 1895 was of so great interest that 
an account of it appears to be useful in any educational work 
upon the subject. 

In the Otto cycle the ratio of expansion of the gases after 
ignition is no greater than the ratio of compression ; as a result, 
the temperature and pressure are still appreciably high when 
release occurs. It is, therefore, desirable to obtain a larger ratio 
of expansion than comjiression, and Mr. Atkinson set out to 
■design an engine in which, by the aid of a linkage mechanism, 
the working stroke was approximately twice the suction stroke. 

In the first form of Atkinson’s engine two pistons acting differ- 
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entially in the same cylinder were employed; in a later form, 
which we illustrate herewith, the unequal strokes were all obtained 
with one piston, working uiion the motor crank through a series 
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of rods, links, and levers, '[’he admission and exhaust were 
operated by valve.s in the ordinary way. 

The cylinder A is placed upon a .stron” base plate B, in the 

interior of which is 



mounted the linkage 
ineeliaiiisni, four posi¬ 
tions of which are shown 
in diagrammatic form 
on the accompanying 
figure. 

The connecting-rod c 
is pivoted to a vibrat¬ 
ing link If, which is 



connected by a lover E 
to a lixi'd point L, and 
by a lever M to the 
crank IP carried by the 
engine shaft K. 

It will be seen from 
the figure that in one 
complete revolution of 
the crank M' the piston 



IS given tw'o reciproca¬ 
tions, the, stroke on the 
second reciprocation be¬ 
ing in excess of that on 
the first; with flic pro¬ 
portion of bilks shown 
the ratio of stroke is 
2-5 : 4-3. 

sV 5-5 I.H.P. Atkin¬ 
son gas engine tested 
in London in 1888 gave 
a B.H.P. of 4-9 and a 
thermal efficiency of 
19-5 per cent, reckoned 
on thcr B.H.P. This 
was the highest recorded 
efficiency at that time, 
but the increase in 
thermal efficiency was 


not sufficient to make up for the practical objections of complexity 
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of th«^ linkage mechanism, so that manufacture of the engine 
was discontinued. 

Scavenging in Internal-combustion Engines, The t<‘rm 

scavenging ’ is em})loyed in intornal-comhustion engiiH's to 
<lescnb(‘ tlie process of dr''ing the exliaiist gases out of the 
clearance spaces. We have already pointed out m our description 
of tile t\vo-strok(! engine tiiat one* weakness of that engiiu' is 
its ])oor scavenging. If the clearance sjtaees remain full of the 
]>roducts of combustion at the end of the e.xliaust stroke, the 
ineoming charge will become diluted and so power will be lost. 

In the early days an attempt w'as made to overcome this 
ol.ij(“cti(in by the addition of two additional idle .strokes to the 
Ottoo-ycle, giving a six-stroke cycle. 

The cycle was, therefore, as follow'S :— 


1 st stroke', . 


. Suction of charge. 

2n(l . 


('oni|ire3sioii. 

;!id „ . 


Working. 

1th 


. Exliaust. 

•jth „ . 


. Suction of air. 

0th ,, 


Scavenging by expulsion of air 


li was, however, found that tlnae was not suflicn'nt advantage 
in this ])roe(‘dure to compensate for tin* diawbaek of having 
two additional idle strokes, and the use of such strokes was 
soon dAconlmued. 

A simph*- scavenging device introduced by Mr. Atkinson on 
the Ch’ossley engines was to make use of the momentum of the 
steam of escaping exliaust gases to draw in fresh air, by ojiening 
the air admission valve before the exhaust valve is closed ; in 
order to ])rodueo the necessary momentum of the exhaust gases 
an exliaust pipe about 65 feet long was employed The Crossley 
engine wdth this scavenging device was found to have a high 
<‘fhcieiicv, and considerable attention was given at the time to 
the subject. Dugald Clerk, in his paper before the Institution 
of Civil Engineers in 1896, on lleeent Developments in Gas 
Engines,*’ deals in detail with the trial results of this engine, 
lie arrived at the conclusion that the procedure effectually 
cools the cylinder and prevents premature ignition ; that the 
compression pressure of the fresh pure charge is increased, and 
with it the power of the engine. He attributed the principal 
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advantage to the increased compression^ and this is attained 
in modern engines by decreasing the clearance spaces, so that 
special scavenging devices are now seldom employed. 

The scavenging action in the Premier gas engine is obtained 
by the use of an enlarged end A of.the piston, which is made to 
act as an air pump. During the exhaust stroke air is compressed 
into an air space C surrounding the main portion of the cylinder ; 
this compression is caused by the difference in area of the enlarged 
end A of the piston and the piston proper B. When, therefore, 
the admission valve D is opened, the air compressed in the 
space C rushes in and sweeps out the burnt gases through the 



exhaust valve B before the working charge is drawn in ; for this 
purpose the admission valve D is opened a little while before the 
exhaust valve B closes. 

The Explosion in Internal-combustion Engines; Theoretical 
Pressures and Temperatures Obtainable— If a charge of lom- 
bustiblo mixture of gas and air be drawn into a'cylinder and the 
flywheel be held so that the cylinder volume must remain con¬ 
stant, then if the charge be ignited a rapid rise in pressure will 
occur. By means of the methods explained in the previous 
lecture, we can calculate the number of thermal units liberated 
by the ignition from a knowledge of the contents of the charge. 
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and, knowing the specific heat of the gas, we can calculate the 
temperature which we would expect as a result of the explosion ; 
P V 

then assuming the law —- to hold, we could calculate the resulting 

pressure which should be obt"inod if our theory is correct. 

If, for instance, the heat of combustion per pound of gas is 
H and is the specific heat at constant volume, we shall have- - 

Rise in temperature = ^ . 

A large number of experiments of this kind have been made, 
and it has always been found that the pressure obtained is less 
than 'that calculated, the actual pressure being usually about 
one-half of the calculated pressure. 

The following figures were obtained by Dugald Clerk with 
various mixtures of coal, gas, and air :— 


Air 

I'l USSIII 1 

lbs /in - 

rfliil>fl.itille 

(' calciil.ilc'l fi'dii 





!•> Wihiiiu* 

Obsfivetl 

(.'.ilculatcd 

OliSfi veil 
I’rossuie. 

IIVBtcf 

Cunibiistioii 

14 

40 

89-5 

Si.lG 

1,780 

13 

51 -5 

90 

1,033 

1,912 

12* 

00 

103 

1,202 

1 

2,0.38 1 

11 

01 

112 

1,220 

2,228 

9 

78 

134 

1,537 

1 

2,070 1 

7 

87 

108 

] ,733 

3,334 1 

6 

90 

192 

1,792 

3,808 

5 

91 


1,812 


4 

.80 


1,595 



A number of ex])lanations have been put forward to explain 
these observed facts which have been confirmed by other experi¬ 
menters, such as Bunsen, Him, Mallard, and Le Chatelier. 
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The four chief theories that have been [)ut forward are usually 
classified as -• * 


(1) Dissociation Theory. 

(2) (looling or Wall-action^Theory. 

(3) After-hurniiig Theory, 

(f) Variable Bjiecific Heat Theory. 

(1) The Dissociation Theory. This theoiy is often attributed 
to Bunsen, and is ha.sed upon the known fact that some gases 
" dissociate ” at high teiiijieratures into their constituents, and 
that the process of dissociation absorbs heat, thus reducing the 
temperature and pressure of the explosion. 

rOxperinients by Grove and Deville show definitely that steam 
and GOj coiiinience to dissociate at a tenijierature of about 
l,(KI0° V. and 1,.300'’ G. res|)ectively. 

On tins theory heat will b(.i absorbed at the high ti'iiiperatiires 
at wliicli dissociation takes place, and will be given out again 
when the elements of the gas re-combine ; this would cause 
the actual e.xpansion curve to come, above the theoretical I'x- 
yiaiision curve for adiabatic expansion, and this, in fact, is found 
to be the ca.se. 

On this theory, on the other hand, we should expect the effect 
to be more marked with rich mixtures which give a high explosion 
teni|ierature than with weak mixtures which give a lower e.x¬ 
pansion teinperatiire, wdiereas a study of the results obtained 
shows that the loss of jiressiire is practically the sailie with 
weak as with strong mixtiiri'S. 

It is clear, therefore, that the dis.sociation theory does not 
give a complete explanation of the oh.served facts, and the 
general opinion of the .scientific .authorities appears to be that 
dissociation is only one of the contrihiitiiig causes of the apparent 
loss of |)rcs3ure on exjilosioii. 

(2) The Wall-action or Cooling Theory. This theory assumes 
that the cooling effect of the cylinder walls is so great that the 
liressiire actually obtained must fall much below the ideal cal¬ 
culated. If this theory were true, then the dkcrepancy should 
bi' iiiiich greater with larger vessels than with small ones, and 
would vary greatly with the shajie of the vessel, but this is not 
found to be the case. 

The general opinion is that wall-action is an important field 
for consideration, but that it does not account fully for the 
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observed difEereiicc boJ:\voen observed ajid tiieoiettcal Je^ults. 
j\Iessrs. Baiistow aiul Alexander niad<* exjxninients on a niixtun^ 
of coal gas and air in a cylinder 18 incliee long and 10 inches m 
diameter, tlic pressures being recoided upon a reconling diuin: 
they t‘X)U'ess the o])inion that '* at the liigli ])ressun‘ readied 
]))• the best explosive mixtures, the loss due to cooling is less 
than the errors of observation, tin* calculated and actual valiu's 
dilTenng only on account of dissociation. At tin* lower pn‘ssur(‘s 
given by tin* weaker mixtures the whole of the loss of pif'ssure 
is due to cooling." 

The student will find an extensive treatment of the su])j(‘ct 
of wall action in Mr. A. W Judge's book u])on " Tligh-sjMM'd 
Jnternal-Comliustion EngiiU'S (Pitman’s). 

fn this connection we should mention tliat experiments liave 
shown that the nu'an ])ressurc obtaiiu'd in gas (‘ngines with 
])o!ished combustion chamlxTs was perceptibly higlier than in 
the case in which the chambers had a carbon-coated surfacae 
(d) The After-burning Theory. This theory wais strongly 
advocated at one time by Sir Dugahl Clerk to exfdain the observed 
discrepancies . lie .suggested tliat the combustion of the gas is 
not as rapid as sup[)Os<Hl, and that all the lieat was not liberated 
befon* the moment of highest pressure. In an actual gas <‘ngm(‘ 
this would mean that the gas would be burning right through, 
the working stroke, and that it must sometimes ha^ijien that 
unburnt gas would pass away in the exhaust. 

Kxpenmcnt.s made by the late Prof, llopkin.son, liowev<‘r, 
led 11111 * to the c-om’lusion that evim in the weakest mixtuies 
comhiistiou IS almost instantaneously comj)let(‘ when onc<^ 
initiatixl at any ])oiut, and Prof. Ihirstall has shown tliat a com- 
]detc heat balance analysis can be obtained without the need 
of any such after-burning hypothesis. 

In a later jiaper (1900) by Sir Dugald Clerk, he states that, 
“ When the writer began the present inyestigntion he heli(‘v<‘d' 
that these jdienomcna of slower chemical action furmslu'd a 
complete explanation of the discord between theoretical and 
ob.served results, and that tli<*re was no need to a.s.sume any 
considerable dis.sociation or variation of sjiecific heats of the 
products of combustion. The present experiments, however, 
appear to him to indicate a real change of specific licat as w’cll as 
continuation of combustion. The experiments do not exclude 
dissociation or any other molecular change which, by requiring 
the performance of work, would change specific heat.” 
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(4) The Variable Specific Heat Theory, —This theory probably 
accounts for more of the observed discrepancy than the others 
which have been advanced. 

After correction of the calculated results for variation in specific 
heats, the discrepancy reduces froai about 60 ])er cent, to about 
2.6 per cent. Wo have already dealt in detail in Chapter IV. 
with the effect upon the theoretical efficiency of making allow- \ 
aiice for variation in specific heat of the gas. 

The Strength of Mixture.- We have shown in the previous 
chapter how to calculate the quantity of air necessary for com¬ 
plete combustion of a fuel of given composition ; e.xpcriments 
have shown that most economical results are obtained when 
there is an excess of air. For a gas requiring theoretically, about 
5 cubic feet of air per cubic foot of gas, Prof. Burstall obtained 
the most economical result with from 9'5 to 10-8 cubic feet of 
air per cubic foot of gas. 

One explanation which has been put forward of this established 
fact is that with a strong mixture the comjiosition of the gas 
vanes in different ]iarts of the cylinder, so that some of the gas 
has not around it sufficient oxygen for combustion ; this w'ould 
not be so likely to occur with weak mixtures. Experiments 
made by Prof. Hojikinsoii did not detect a greater percentage 
of unburnt gas in tlie exhaust from strong mixtures than from 
weak mixtures. 

Another e.xplanation is that with strong nii.xtures the tempera¬ 
ture of explosion is higher and more heat is lost by wall action. 

It is advantageous that weak mixtures give imprdved effi¬ 
ciencies because in large gas engines strong nii.xtures would 
cause excessive shocks of the explosion ; with weak mixtures 
it is necessary to adopt high compression, but Prof. Burstall 
has found that in gas engines no increase in efficiency is obtained 
after a compression to about 175 lbs. per square inch. 

Rate of Flame Propagation: Explosion.— The work of a number 
■of experimenters upon the rates of flame propagation in mixtures 
of different gases, in diluted mixtures, and in mixtures under 
different degrees of compression, have established the following 
facts with regard to the rate of flame propagation in an explosive 
mixture:— 

(a) It is diminished as the proportion of an inert gas present 
is increased. 

(b) It depends upon the proportions of active constituents. 

(c) It is diminished as the rarefaction of the mixture increases. . 



RATE OF FLAME- PROPAGATION : EXPLOSION. 


169 


(d) It is increased as the temperature of the mixture is raised. 

(e) It is much greater at constant volume than at constant 
pressure. 

In all explosive gases there is a range of mixtures within which 
it is possible to obtain an explosion. In the case of petrol vapour 
and air, with a ratio by weight of air to petrol of less than about 
8 or more than 22, it is impossible to obtain an explosion in the 
ordinary petrol engine. 

Students requiring more information upon these important 
points in the theory of internal-combustion engines are referred 
to the following books :—Dugald Clerk’s Gas, Oil, and Petrol 
Engines, 2 vols. ; A. W. Judge’s High-Speed Internal-combustion 
Enginfs ; Wimperis’ Internal-combustion Engine. 
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Lecture IX.— Question:^. 


1. A flinfilo-actin^r 10 H.P. air omgiiio at 100 revolutions per minute works 
between 115 and 14-7 Ibfl, j^or square inch absolute pressures, works on a 
constant-pressure cycle, an<l the volume ratio of expansion is 5 . 1, neglecting 
clearance, and comjiression begins when tlie letum stroke of the piston 

9 

is — completed. The expansion and compression curves are PV^‘‘ — c. 

Assuming that the actual engmo will give 90 jior cent, of the work theo¬ 
retically computed, find the size of cylinder (stroke - diameter) and the 
consumption of free air per I.ILP -hour dus. 11’2 inches; 045 cubic teot 
per I.H.V.-hour. 

2. The follow'ing figures give tlie results of some tests upon oil engines :— 


Name iif 

Revs. 

l>ei 

[ H P. 

R.H.P. 

Oil useil 

Cal value 
of Oil 

Oil useil in lbs 
]»ei' lioiii' ptT 


Min. 




ilrii.i 

^ II p. 

B If V. 

Diesel, 

154 

24-7 

17-8 

Light oil, . 

18,370 

•39 

■52 

Hornsby, . 

202 

31 0 

26 7 

Russolene, . 

19,100 

•63 

■74 

Crossloy, • 

204 

20-1 

15-5 

Daylight, . 

18,720 

■61 

•79 

Tangyc, . 

200 

21-4 

18-0 

Russolene, . 

18,630 

■6ii 

•80 

Priestman, 

207 

7-4 

6-7 

Russian, 

19,500 

■8C 

•94 

Premier, . 

160 

7'3 

6-5 

Russolene, . 

18,600 

■93 

D04 


Add columns showing the mechanical efficiency, the thermal units per 
minute per I.H.P. and B.H P., and the thermal efficiency taking tho B.H.P. 
Note that the above are for different pow’ers, and so do not give relative 
efficiencies of different make.s. 

3 Explain how tho theoretical temperature obtainable from air explosive 
gas mixture can be calculated. Is this temperature ovei; realised in practice ? 

4. Provo that the theoretical efficiency of an engine working on the 
Otto cycle depends only on the ratio of compression adopted. In an engine 
using this cycle 16-3 cubic feet of gas are used per I.H.P. hour, the calorific 
value being 650 B.Th.U. per cubic feet. If the ratio of specific heats at 
constant pressure and at constant volume is 1’36, and the ratio of com¬ 
pression is 4*5, find the actual and theoretical thermal efficiency. 
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5. ft is invariably found, m tiie trial of a enyine, that, notwith- 
standmp: the groat rojoctuti of heat to tlio coolmir water during expansion, 
the expansion curve is frecjuenfly aliovo tin* a<liabatic. (>ive the different 
tlieonos which have been advanced in oid(‘r to explain this, <(UOting any 
exj)oriniental evidence in. favour of any or all of them. 

6. Give a concise account of ne practical method of <letennining the 
temperature of explosion ui a gas engine. Jn a trial of a gas etiu'uic the 
temperature at a ]>omt in the expansion sfroke was measured and found 
to he 1,103'^ r*. (2,017^ F.), the corresponding prev-sure being 84 .") lbs. per 
square inch, and the volume 3r)8 cubic inches. Fiml the temi)e[<iture 
corresponding to the higlicst ]uessui’e of the explosion, 3o.3 Ihs. per sipiare 
inch, IS the corresponduig volume is 130-4 cubic inches. 

7. Explain the chief advanfages obtained, and the difheulties to be 
overeome, in using a two-stroke cycle lor both large and small inteinal- 
combustion engine.s. Tf the working substance may la^ considered to have 
the .sUmo yiroporties as air, show that the effieiencv E of .such an engine 
working on either the constant piessuiv or constant volume cyelo is ox- 
pivssetl by 



whore V is the volume of tlie jnston disjilaceineiit, r is the cleaianco volume, 
and p v'^ — constant, is the law' of adiabatic expansion and compression. 
What IS the chief error ui the assum])tions on which tlie foimula is based ? 

8. Give a concise account of the principal lesults of researeho.s to deter- 
mmo the values of tlio specific lioats of gase.s at lugh teiiiporatiircs. Kxplaiii 
wliat boarmg these results have on the theory of the mtenial-combustion 
engi'ie. 


11 
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LhuTrKj; IX.—A.M.Inst.('.E Questiuss. 

]. Tlio [)rotjHuro and voluino at boveral points m the compression of a 
gaseous mixture in a gas-cn^mo cylinder is shown m the following table :— 


I’ressure, . 


20 

45 

80 

! 

130 

Volume, . 


4-73 

2'.)2 

l-(i2 1 

MO 


Assume the curve can bo repi’csented by an ccjuation of tlie form P V„ - c, 
and detcrniino the value oi ?i. 

1*. J)cscnhe shortly how you would carry out the test of a gas engine of, 
Bay, 2(» B.il. P., using tow’n's gas, with the object of ascertaining the gas 
consumption per B.H.P.-hour. 

3. Tile explosive mixture in a gas-engine cylinder can produce (>00 B.Th.U. 

per pound. At the beginning of compression the temperature is 250' F. 
<'oin])ression takes place adiabatically to one-seventli the original volume. 
Ex]dosion then occurs at constant volume. What theoretical temperature 
would be reached, assuming constant specific heats: - ()d9 and 

C/, ---- 0-26 ? 

4. Sketch the indicator diagram of an Otto cycle gas engine, explaining 
what each portion oj the diagram represents. 

5 I the curve of compression or expansion in a gas-engine cylinder 
is of tile form B V" ^ C, explain clearly how you w'ould determine the 
index It What use can be made of n after it lias liccn fletcrmmed ? 

(3. The following results were obtained from a small oil engine :—Bevolu- 
tions per minute, 2,50 ; explosions ]>er minute, I0(J; diameter ol cylinder, 
7 inches ; stroke of iiiston, 14 inches ; oil used per hour, 44 lbs ; calorific 
value of ml per pound, 18,000 B.Th.U. ; mean pressure on piston, 45 lbs. 
lier square incli; load on brake, 40 lbs. ; radius of brake arm, 2 feet. 
Kind tile indicated horse-power, and the mechanical and thermal elficiency 
of the eiiLune. 

7. A gas engine of 500 B.H.B. consumes 10 cubic feet of coal gas ]>er 
B.H.P.-hour. The difference between the sjxicdic heats of the gas at 
constant pressi.re and ctuistanl volume is 120 B.Th.U., and of tlio mixture 
of air and gas after the explosion 50. The ratio of air to gas by volume is 
10 to 1. The pressure at tjie end of the suction stroke is 13 lbs. absolute, 
and tlio tem|wraturo of air and gas at the end of the suction stroke is 100"’ F., 
the pn'ssuro at the end ol compression 00 lbs. ]>er square inch absolute, 
at the end of explosion 144 lbs. per scpiare inch absolute, and temperature 
2,500' F., and constant-jiressure expansion takes place at tliat pressure 
until a temperature of 2,700'’ is reached, expansion then following the law 
p constart. If the ratio ol expansion is 4 to 1, find the clearance 
volume, tem])crature at end of compression, weight of the mixture heat, 
units added during exjilosion (at constant volume), and temperature of 
release assumed to be at the end of the stroke, and heat rejected in the 
exhaust. 
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GAS ENGINES. 

i'n.NTENT-5. —J^nition ; Slulo Valvo ; H(ft 'rube; Elootiic—(loverning 
rja.s Engine ; Hit-aiul-niias .Method ; Variabio (^nahlv .Method— 
The (’ainpbell (ias Engine—The KoiTtnig (.Jas Engine. 

We Avill now describe in sonic iletail the construction of some 
gas engines and their accessories. Nearly all gas engines of small 
and moderate powers work upon tin* Otto cycle (four-stroke), 
but some larg<* power <*ngin(‘s working on tlii' Clerk (two-stroke) 
cycle give vt'ry good results in practice. 

'Phe first form of gas engine 1o obttnn extended use was the 
lioiizontal single-acting type, winch is still by far tlH‘ most 
<'oinmon ; Otto’s engine of 187G ]iosses,sed many of tlie featnies 
' the open cylinder, trunk piston, and lialf-’speed cam-shaft 
of the familiar form of liorizontal (‘iigim\ and was fir.st manu¬ 
factured in this country, wr. helieve, under Otto's j)atenls liy 
Mosm'.v Crossley. 

Ignition.- -In the 187G form of the Otto engine the ignition 
of the compressed gases wa.s effected by carrying a tongue of 
dame, through a narrow ))ort in a transverse slide valve, from 
a gas jet that was kc'pt burning outside. To prevent the ga.ses 
from blowing hack tin; valve, wdnui the <'X|)losion took plac<‘ 
the slid(! was arranged so that the j)ort in it, which served to 
carry the dame, had pa.ssod under a cover wliich shut it off fi(-m 
tile atmosphere, before it reached tlie fixed j)ort in the cylmdpr 
cover through which the flame passed to ignite the contents 
of tfie cylinder. This method is now f|uite obsolete. 

In the position shown the firing stroke is taking ]»lace ; in 
th<‘ po.sition of the slide valve on the extreme left th(‘ firing 
chamber is in register wdth the ignition charge gas inlet J, and 
the cylinder on the suction stroke sucks in a charge of gas and 
air through the slide valve charge chamber (\ which is then in 
register with the cylinder port P. The .slide valve then moves 
to tlie right as compression takes place, and the firing chamber 
P, then full of gas, passes the burner and the gas becomes ignited, 
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and the slide immediately moves to the position shown, wliercupon 
the flame extends to the compressed charge. 



Flame Ignition of Otto’s Engine. 


The Hot Tube Ignition. - This slide-valve method of ignition 

was replaced in 1888 by 
the hot-tube ignition de¬ 
vice, which can still be 
found giving satisfactory 
results on some gas engines. 
A cast-iron tube T is closed 
at the top, and is sur¬ 
rounded by an 'asbestos 
lining L; it is kept at a 
red heat by a Bunsen 
burner. During the com¬ 
pression stroke a cam on 
the counter-shaft lifts the 
timing valve E into the 
port D. No portion of 
the compressed charge can, 
therefore, enter the tube, 
and any burnt gases left 
in it escape through a port 
A into the atmosphere. 
At the inner dead point, 
when the piston has com- 
Hot-Tdbe Ignition foe Gas Engine. pleted the compression 
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stroke, the valve E lis withdrawn and the compres.sed gas 
passes through the port C into contact witli the red-hot tube T, 
and is there fired and ignites tlic charge. 

Electric Ignition —Electric ignition is now gradually replacing 
the older methods of ignition in many gas engines. As in the 
case with petrol engines, the electric ignition was at first obtained 
by means of a high-tension spark from an induction coil, but 
low-tension magneto ignition is now most common. 



‘‘ Hit-and-Miss " Governing of Gas Engines. 


Governing Gas Engines. —The most common method of govern¬ 
ing gas engines is by the hit-and-miss method.’' In this method 
of governing, the operation of the gas inlet is effected through 
a transmitter controlled by a governor, either of the centrifugal 
or the inertia type. If the speed rises, the transmitter is moved 
out of the operating “ pecker,” so that the gas-inlet valve does 
not become operated; the engine, therefore, misses explosions 
until the speed reduces to normal. 

The figure illustrates in diagrammatic form this method of 
governing. The transmitter T is suspended by a rod R from a 
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lever L fulcruined at the end F: tins lover is also pivoted to 
the sleeve S of the governor ; in the normal position of the 
governor the transiiiitter hangs centrally with respect to the 
valve V. The ])ecker P is mounted on an arm A provided with 
a roller B, which is lield by spring action in contact with a cam 
0 ; this pecker engages the transiiiitter T in the iionnal position 
of the latter, and thus operates the gas valve V, When the' 
speed rises, the sleeve S lifts the transmitter T out of tli ' jiath 
of the. ])ccker, so that no operation of the gas’valve results. 




Isiiic.iTOR Cards for Governino uy Variable Quality. 

W’here a more sensitive method of governing is required, so 
as in engines for driving electric generators, the variable qualify 
method is often employed. 

In this method of governing the compression remains prac¬ 
tically constant, and the piston receives an impulse every cycle. 
The variable quality of the charge is usually secured by opening 
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the gas valve earlier,or later during the suction stroke, but 
always closing it at the end of the stroke. 

The accompanying diagrams were taken from a Camiibell 
gas engine, and illustrate the effect of variable quality govoriiiiig 
upon the indicator cards. 

An advantage of the constant eompression wliich is clearly 
brought out by the cards is that we obtain a constant eusliiomiig 
for tlie inertia of tlie reciprocating jinrts. 



The Campbell Gas Engine. The accompanying drawings of a 
Campbell gas engine giving 3.5 B.H.P. on producer gas and 
41 B.H.P. on town gas illustrate the detail construction of a 
good design of gas engine. The following particulars, quoted 
from the specification issued by the Campbell Gas Engine Co., 
Ltd., of Halifax, may be of interest. 

Bed-plate .—A feature of the bedplate is that it extends beneath 
the cylinder as far back as the combustion chamber, thus sup- 
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porting the cylinder along the whole wqfking length. Most of 
the engine.s have an oil trough around the bedplate ; this catches 
all waste oil and prevents it from soaking into the foundation, 
and it also largely increases the area of the bedplate resting 
on the foundation. ‘ 

Cyliiuler .—In all cases a removable line of specially hard iron 
is provided. In the smaller engines the whole cylinder is separate 
from the bedplate casting; in the larger engines the combustion 
chamber containing all the valves, etc., is removable. 



Showing Air and Gas Valves. 

Crank-shaft, Connecting-rod, and Geonn^r. —These are machined 
from solid forgings of the best Siemens-Martin acid open-hearth 
steel, the material used being subjected to periodical tests. The 
crank-shaft runs in long adjustable bearings, and in larger sizes 
is fitted with balance weights. The connecting-rod has adjustable 
marine pattern bearing at the large end, the small end being 
solid with a.sjustable brasses. In engines of 85/100 max. B.H.P. 
and upwards the gudgeon pin is shrunk into the end of the con- 
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necting-rod and works*in two adjustable bearings in the piston. 
.All gear wheels are machine-cut and [Hovidod with suitable 
guards. 



End Elevation of Campbell Gas Engine. 

Showing “ Hit-and-miss ” Governor. 

(Tho dotted lines show alternative eonstruction with two flywheels). 


Valves .—All gas and mixture valves are fitted in removable 
plugs or valve boxes with ground metal-to-metal joints requiring 
no packing. Exhaust valves have covers with ground joints and 
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removable guides. All cams and rollers £ye accurately machined 
and rollers run on hardened steel pins. 

Magneto eleetnc ignition is fitted to all the standard 
gas engines. The smaller engine.s up to 9 10 max. B.H.P. in¬ 
clusive, are fitted with the high-tci'.sion system. Engines above 
this size are fitted with low-tension magnetos, and also with a 
variable timing device which can be operated while the engine 
is at work. 

Lubrication .—In most of the engines the jiiston and cylinder 
are lubricated by a force pump, with sight feed, easily regulated 
while at work, and an indc|H‘ndent sight feed lubricator is pro¬ 
vided for the piston-pm bearing, so that it is not dependent upon 
receiving oil from the cylinder. The crank-pin bearing is fitted 
with a centrifugal oiler having sight feed which can be regulated 
and replenished while the engine is running. The crank-shaft 
and cam-shaft bearings are fitted with automatic ring lubricator : 
the oil is contained in an enclosed reservoir, and is used over 
and over again. 

Horse-power. -The horse-powers specified are those which can 
be obtained over long periods; they are based upon an engine 
working at about sea level with a (iroducer gas of calorific value I S.l 
B.Tli.U. per cubic foot or town gas of 60(1 B.Th U. per cubic foot. 

If an engine is installed at any appreciable height above sea 
level, le.ss power will be developed owing to atmosjihenc con¬ 
ditions. The loss of power is about 3 jier cent, for every 1,0(X) feet 
(-300 metres) elevation. This applies to any internal combustion 
engine. 

Fuel Consumption.- The consumption of anthracite coal varies 
from f lb. to 1} lbs. (-34 to -56 kg.) per brake horse-power per 
hour, according to the size of the engine. The consumption of 
coke is about 25 per cent, greater, and of charcoal abont 30 per 
cent, greater. An engine working with town gas will use from 
I f to 22 cubic feet (-40 to -62 cubic metre) per B.H.P. per hour. 
A large engine uses less fuel per horse-power than a small one. 

Cooling Water. The standard water tanks are of suitable 
capacity for a temperate climate like that of England. In hot 
countries greater cooling capacity is required, amounting to 
two or even three times as much as that necessary in a temperate 
climate. 

With the larger engines, especially in a hot climate, it is often 
advisable to instal some form of cooler which will occupy con¬ 
siderably less space than tanks of the necessary capacity. 
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Compressed Air Starting Apparatus. 


IIBsCtin-TION. 

Maximum 

RH,?. 

of En^^nie for 
winch BUitahle 

1 

Maxlniuni ; 1,““'' 
Working 

F.e.8ure. 

Pulleys. 

Dia Wilth 

Self-contained starter, having 
belt-driven air compressor 
mounted upon the air re¬ 
ceiver, .... 

50/08 B.H.P. 

LbB. per Vhout 
8<{ ni. 

150 lbs. 250 

Ins 1)18 

24x3i 

Belt-driven air compressor, 
with separate air receiver, 

4' 0" high X r 6" dia¬ 
meter, .... 

85/100 B.H.P. 

200 lbs. 250 

24x3i 

Belt-driven air compressor, 
with separate air receiver, ' 
5' high X 2' diameter, 

156/185 B.H.P. 

200 lbs. , 250 

24x3i 

Air compressor direct coupled ^ 
to gas engine, with separate 
air receiver, 5' high x 2' 
diameter. 

Do. do., but with paraffin 
(kerosene) 
engine. 

Do. do., but with benzine, 
(petrol) engine. 

Do. do., but w’ith electric 
motor. 

156/185 B.H.1\ 

200 lbs. 

i 



The Koerting Gas Engine. —The Koerting engine, which is 
manufactured in England by Messrs, Mather & Platt, Ltd.,, 
is an interesting example of a large power gas engine working 
on the two-stroke cycle. Engines of this type are extensively 
used as blowing engines, utilising blast-furnace gas, and they 
have been made in sizes capable of developing 2,000 H.P. in a 
single cylinder. 

The cylinder is double-acting, and there are two working 
impulses per revolution, the charge of gas and air being delivered 
to the engine cylinder by separate pumps. The engine is of simple 
construction, and all working parts are above floor level. 

The figure shows a horizontal section through the power 
cylinder and the two pump cylinders, one of which supplies air 
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and the other ga.s to the imwer cylinder. The lengtli of the 
power cylinder is ))racficnlly equal to twice the .stroke, and has 
more or less conical end.s, at which are .situated the ailnussion 
valvi's. Round the centre of the cylinder are situated a nuniber 
of exhaust ports comiuui-'cujiing with an exhaust belt leading 
to the exhaust pipe and silencer. The piston is double-ended, 
with convex ends, and in length equals the stroke. When the 
piston is nearing the end of its stroke as in the figure (it is 
moving to the right)--the exhaust ports are uncovered, allowing 
the iiroducts of combustion to escape to the atmosjihere. At 



the end of the stroke, when the cylinder pressure has fallen to 
that of the atmosphere, the admission valve is opened and a 
scavenging charge of air is forced through by the air pump, 
thus effectually clearing the cylinder. The gas pump—the 
discharge of which is slightly later than that of the air pump— 
now forces a charge of gas into the cylinder, which, mingling with 
the air from the air pump, forms the mixture for the power 
stroke. As the piston moves backwards the exhaust ports are 
covered, and the charge is compressed and ignited in the usual 
manner. The same cycle is repeated at each end of the piston 
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alternately, and thus the turning moment approaches that of 
a steam engine. * 

The gas and air-charging ]>umps are placed alongside the engine 
and driven from the crank-shaft by a crank about 90° in advance 
of the mam crank. They are provicb-'d with inccbanically ojierated 
piston valves, and deliver the charges at a pressure of 3 to 5 lbs. 
per square inch. The mixture is regulated by the gas bye-pass 
valves shown, which are operated by the governor, so that more 
or less gas is returned to the suction jiijic according to the load 
on the engine. 

The mechanical elliciency of the engini' i.s relatively high 
(about 84 per cent), considering that power is required to operate 
the piimjis. 
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PETROL ENGINES. 

rnNTKNT.'=!.—fntr'Hluetiou —Carbun'ttors— “ /onitli ” Carburotti'i— 
J)(‘Scn])tion ot Tv|ncal Petrol Engme.s --25 H.P. Doii.mvn 
( ieneral Data anil Description ; Lubrication; (Vlunlor Coiistiuction ; 
Crank-sliaft ami Case; Flywlicel and (’one Clutcli; Power (’nivo-- 
GtHJ H.P. IIolls-Koyck Akro IOnuine; Some CJeneral (’onsidi-rations 
ou Aeroplane En^^mes ; (ienoral Data and Descnplion ol Roll.s-Royce 
Kncino ; Lubncation and (.'oolinj'; Starting'Gear ; Perloiniance. 

Petrol is the name given in (Heat Britain to a light distillate 
of crude petroleum, the specific gravity at 60 F. varying fiom 
•70 to -TG , it is not a definite cheinical compound, but a mi.xt.uio 
of ])araffin consisting chiefly of liexane (CgHj,,), heptane (G-lIjg), 
ami octane the boiling points respectively of winch 

are 15b' F., 208' F., and 248' F. 

Petrol IS known in America as '' gasoline," m Fianee as 
“ essence," and in some other Continental countries as “ benzine. ’ 

Piirol engines are usi'd pnneiimlly for traction purposes, and 
in considering the design and elficiency of motor car engmi's 
we have to remember that the thermodynamic (dficiency is 
sometimes of relatively small importance. The first essential 
IS reliability in running and ease in starting ; so groat has been 
the improvement in the last twenty years that the ])resent 
generation has almost to rely upon the music-hall performer 
for an idea of the difficulties with w liich the pioneer motorists 
had to contend. 

Initial cost is a consideration which affects many jicoplo’s 
choice of engines of proved reliability : the otlier stand])oint 
upon which most motorists judge engines from the point of view 
of efficiency is the number of miles wdiich the car will run to the 
gallon of petrol. This, of course, depends largidy upon the power 
of the engine, the design of the car, upon the wind resistance, 
and several other factors. 

Moreover, by the horse-power of petrol motor car engines is 
usually meant the R.A.C. rating based ujion tlie formula- 

Nominal B.H.P. 
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where d is the diameter ot the cylinder bore and N is the number 
of cylinders, ' 

This horse-power is employed for purpo.se.s of taxation, and 
bears iittlc’ ri'liition to the actual brake horse-iiower developed 
by thc‘ engine. 

(Carburetters. 'I'he appliances em]iloyed to atomise tin' petrol 
and to sujiply it to the engine with the requisite amount ol air 
are called carburetters. W(‘ have seen already that the requisite 
amount of air in the resnUing gas fuel dcjieiids iqion a large 
miiiiber of factors, which vary under running conditions in ])ractice. 

The type of carburetter in most common u.se may be designated 
as the float-feed, spray-nozzle type. 



The accompanying figure shows in diagrammatic form the 
principal components of most carburetters of this type. 

The carburetter has two main parte—the float chamber and 
the mixing chamber. The petrol jiasses in through a tube pro¬ 
vided with a conical valve seating B, with which co-acts a needle 
valve A, the upper end of which usually projects above the 
chamber, in order that it may be manually operated. A collar 
C, carried by the valve spindle, engages weighted levers D, 
which normally hold the valve open, but which, when engaged 
by the upper surface of a closed hollow float F, press the collar 
C downwards, and this drives the valve A down upon its seat, 
thus interrupting the flow of petrol; by this means jictrol is 
automatically maintained at constant level in the float chamber. 
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A passage E, opening into the float chamber, is connected to 
an upturned pipe provided with a narrow nip[ih' J ; surrounding 
this nipple is a funnel-shaped nieinbcr O, called the choke-tube, 
the adjustment of the conical jiortion of wliich relative to the 
nipple determines the aviiihi,l)le annular area for the passage 
of air. The tube is so positioned that the cro.ss-sectioii of ininimiini 
valve i.s at the lev'el of the top of the nipple, as the iiidiici*d air 
then moves with its ma.Kinuim velocity at this position and more 
thoroughly mixes with and vapon.ses the fuel. Between tins 
tube and the induction pipe of the engine to which it is attached 



by a flange connection or union nut, is the throttle valve If, 
which determines the volume of mixture admitted to the cylinders, 
and which is operated by levers by the driver in the case of a 
motor car engine. 

In the suction stroke of the engine a fall of pressure is caused 
around the jet, with the result that petrol is sucked out and a 
draught of air sucked in at the .same time. 

“ Zenith Carburetter. - The “ Zenith ” carburetter, which 
has very extended use, is of the general type previously described, 
but has a special compensating jet and a alow'-running device 

12 
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for use when the engine is running at zero load, particularly at 
starting. 

Returning to the description of the general type of float car¬ 
buretter, it will be seen that as the engine increases in speed 
the suction becomes stronger, and thus the amount of petrol 
drawn in per stroke increases, and it is found that the mixture 
becomes richer as the speed increases, whereas for perfect running 
and maximum power at all speeds the mixture should be as 



Zesith Cabburettek— 
Enlarged Detail of 
Slow-running Tube. 


constant as possible. 

To overcome this tendency for richer 
mixtures at high speeds, some compen¬ 
sating device has to be introduced, and 
in the Zenith carburetter this device 
consists of a compound jet, comprising a 
main jet and a compensating jet, the 
former being fed direct from the float 
chamber without any compensation what¬ 
ever. Consequently, as the engine speed 
increases, the mixture given by the main 
jet grows richer and richer, and to cor¬ 
rect this the compensating jet produces 
the opposite effect, because it feeds into 
a chamber which is open to the atmo¬ 
sphere, so that the discharge is unaffected 
by the suction of the engine. 

It will be seen from the accompanying 
illustration that the petrol through the 
compensating jet passes into the central 
chamber, which is open to the atmosphere 
near the top; the petrol thence flows into 
the tube surrounding the main jet, and the 
level of this petrol will remain constant 
whatever the suction of the engine. As 
the suction of the engine increases the 


amount of air drawn in will increase, so 


that the mixture from the compensating jet becomes weaker. 
Tor starting or slow-running, the central tube, which is a small 
carburetter in itself, is employed. 

The slow-running tube dips into the central well and is con¬ 
nected to a small bye-pass hole opening into the carburetter 
proper at the edge of the throttle valve. Consequently, by 
opening the throttle a shade and cranking the engine over, an 
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intense suction is set up at this bye-pass hole, and thus a suitable 
mixture is drawn in. This device is adjusted for any particular 
engine by altering the relative positions of male and female 
cones A and O; the knob B is turned to the left or right, and 
when the most suitable position is found it is locked in position 
by the nut X. 

In each case the mixture is made richer by turning the adju.sting 
piece to the right, whilst it becomes weaker by turning it to the 
left. Therefore, in order to get easy starting and slow running, 
it is only necessary to try the adjusting piece Q or B, as the 
case may be, in various positions, and when the most suitable is 
found it is fixed there. 

Detail Description of Typicai Petrol Engines—25 H.P. Dorman 
Engine.- -In order to give the student a fair knowledge of the 
detail construction of a typical petrol engine of good design, 
we will now describe in detail the 25 H.P. Borman engine, manu¬ 
factured by W. H. Borman k Co., Ltd., of Stafford There 
are, of course, very many good makes of petrol engines for motor¬ 
car use, and authorities differ among themselves as to the best 
detail arrangement of some of the parts. 


General Bata and Be.scription. 


Pour cylinders. . 

.Volumetric capacity of 
cylinders, 

R.A.C. rating, . 

B.II.P., . 

Petrol consumption on full 
load. 


Bore 95 mm. (3J"). 

Stroke 110 mm. (51"). 

.3,970 c.c. 

22-1 H.P. 

20 at 800 revs, per min. 
25 at 1,000 
36 at 1,,500 

•7 pint petrol per B.H.P.- 
hour. 


B.H.P. running on paraffin (kerosene) may be taken as 20 per 
cent, below the above figures. 

We will first give a general description of the engine, and will 
then describe some of the portions in detail. 

The ignition is given by a magneto, which is placed at the 
side of the engine, as shown in the illustration on p. 180, and is 
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CRANK-SHAPT AND CASE. ^ .UU 

driven by chain gearjng from the main crank-.shaft A. The 
piston.s B of the four cylinders G are connected by connecting- 
rods D to the crank-shaft, the cranks on wliicli arc arranged in 
one plane : tli<‘ craTik-shaft A is provided with end bearings 
E and a central bearing E. The valves tl ar(‘ of the mushroom 
type, and are operated in aeejnenoe by eam.s on the eam-.shaft 
II driven by chain gearing from the shaft A. The oil-pnmp I 
for the forced lubrication .system is driven from the eaiii shaft. 
The exhaust gase.s pass into an exhaust manifold ,1, which i.s 
ribbed to promote cooling and is secured by clam|is which allow 
for expansion when heated. The starting handle-shaft K i.s 
provided with a claw-clutch L, and the ilywheel is secured to 
a (lauge i\l on the crank-shaft. 

A removable cover N is provided to give acce.ss to the valve 
tapjiets. 

Lubrication. -The accompanying illustration shows the pro- 
gre.ss of oil through the forced feed cycle. The oil pump is located 
at the lowc.st jioint of the oil sump, and is driven by spiral gearing 
from the cam-shaft. large .strainer on the suction side is so 
jilaced that all .solid matter is e.xcluded from the, pump, and all 
impurities are collected in a well, which can be washed out by 
removing a [ilug ; on the delivery side an oil lilter is provided 
as 111 additional .safeguard against dirt reaching any bearing. 

Cylinder Construction. - -The cylinders are east m inoiiobloc 
form, with large water spaces, especially <iround the valve [lort.s 
and between each pair of cylinders, the whole block being capped 
by a oile-picce water riser. Tins riser, which embodies a large 
diameter pipe leading at an angle to connect with the radiator 
intake |iipe, is readily detachable, in order to facilitate, removal 
of any '' fur ” that may have been deposited in the interior 
of the jackets from the use of hard water. 

The cylinder boxes are ground in a special machine after rough 
boring, and are fini.shed to a half-thousandth of an inch. The 
interiors of the cylinders are tested to a pressure of 500 lbs. 
per sf|uarc inch, and the water jackets to 50 lbs. per sijUare 
inch. 

Crank-shaft and Case. —An aluinininm crank case, divided 
horizontally, is employed. The lower half form.s an oil sump, 
while the crank-shaft, cam-shaft, and distribution gear are 
carried by the upper half; the latter has four integral bearer 
arms for supporting the engine in the frame or under frame 
of the car. 




The crank-shaft is supported by three die-cast white 
arings, two ball thrust bearings occurring respectivi 
mt and behind the foremost iournal: it is drilled h 
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lubrication of the crank-pins and journals under pressure, and 
has an oil thrower behind the end of the rear bearing to prevent , 
leakage, the lubricant which ])assos out of the back end of the 
bearing being returned to the sump before it can reach the capped 
end of the crank-case. 

The Valve Gear.- -The valves themselves are of a special alloy 
steel, and operated in extremely long guides formed with the 
cylinder block and passing through the water spaces. Sparking 
plugs are accommodated in the inlet caps, while in each exhaust 
cap a compression and 
priming cock is provided. 

The single cam-shaft has 
integral cams, which are 
ground on their operative 
surfaces after hardening to 
ensure a profile that will 
provide silent operation and 
a large area of opening. The 
tappets are of unusually large 
diameter, and each has a long 
bearing in its guide formed in 
the crank case, but excessive 
inertia is obviated by drilling 
each from the top end, leaving 
only sufficient metal at the 
bottom to form an adequate 
thickener for the mushroom- 
ended foot. The to]) end is 
threaded internally to receive 
a hollow and hexagon-headwl 
stud, w'hich forms the 
means of adjustment for 
valve clearance and makes Clutch and Flvhheel Detail, 
contact with the valve 25 H.l'. Doe.man Enoine. 

stems. 

To retain the valve springs, each valve stem is threaded at 
its lower end, to receive an internally threaded cup, which is 
prevented from rotation by a split pm passing through inverted 
castellations in the cu]) and a hole in the stem. 

Flywheel and Cone Clutch. The flywheel is of cast iron, and 
is secured to the crank-shaft flange. The clutch cone is a steel 
pressing, lined with “ Ferodo.” 
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Power Curve.' -The arconqianyinf' flia^rara show.s the power 
.curve for tlii.s engine ; it will he seen that the B.H.l’. i.s apjiroxi- 
iiiately proportioiiui to tlie speed. 



REVOLUTIONS PER MINUTE 

<'Ui;VK .slleWLNO V.AUIATTiiN OF KimKK ItuusE-I’ oU l.ll WITH Sl'l-.EO 

roll J.'l II. 1’. Dok'ian Kmoma 

360 H.P. Rolls-Royce Aero Engine Somr General Constdera- 
llonn on Aeioplanc ICmiines.— We will now give a brief de.seriptioii 
of the yCO H.l'. Rolls-lloyce aero engine, which ha.s been one 
of the most niiiforinly siieee.ssfiil of the recent aero engines. 
(See froiiti.sj)iece for illu.stiation.) 

In eoiinectioii with aeroplane engines, we may remind the 
student that it was the development of a light engine that made 
flviiig by aeroplane a practical possibility. 

The progress of flight has been so rapid that wo can hardly 
realise the tremendous advances which engine design has 
made. A 75 H.P. horizontal oil or gas engine of usual design 
weighs roughly 15,000 lbs.; several 75 H.P. aero engines have 
been used weighing less than 200 lbs. 

The following table is quoted from Mr. G. A. Burl's excellent 
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book on Aero Enrjine.^* to which the student is referred for de¬ 
tailed information of thV leading tyj)es of successful aero engines. 

Avkh^oe Weights or Intehx\l-Co-mijustio>' Engines. 


Tyi'C. Lhs. per B.II.P. 

^Stationary l-cylindcr Diesol onirinos, . . non 

„ icUmdor „ . . .■>00 

,, li-cjluulor „ . . doO 

Manjui l)i(*st*I (‘nintios, . :i(M) to iUHl 

lion/ontal 1-cylinder oil (k«To^‘no) oni'iiu’s, . dOO 

,, „ coal ^a.s oneino!!, . . IdO to 2(10 

.Sjjceially li^(lit lnyli-siK'cd Diesels lor .suliniarnies, 00 
J’our-eyhnder |Kd rol oi kero.seno enmnes for motor 

boats, ... . .'n to 80 

, l’’our-eyluider iHdroj cmrme.s ot motor cars, l(j to 2d 

“ Aeiv ” |K‘tioi engirie.s, 4 to 20 eylmdeis, . 21 to 0 


In addition to the nece.ssity of low widght per horse-jiower 
in aero engines, we liavi* to pay great attention to reliability 
in running. If a motor car dcvelojis engine trouble, we can 
pull up at the side of the road and examine the engine- \f neces¬ 
sary on our back, while our friends are tendering amat< iir advice 
from a comfortable position but if an aeroplane engine develops 
engine trouble a forced landing must be made, with the attendant 
risk of aceident. 

(ieneral Data and Description of RoJls-Jtoyce Engine.- Th(5 
engine has twelve cylinders, and is of tlie V-type- i.c., the 
cylinders are arrangeil in two group.s jilace at an angle with each 
other, the angle being CO"". This form of engine has a very good 
balance*of rotating })«irts, and gives a uniformity of turning 
moment that is better tluin that in any other type. 

Tlie bore of the cylinders is 1’5 inches, and tbe stroke of the 
piston 0*5 Indies. 

Genek.il 1>.1T.\. 

Normal B.IJ.t*. 

Normal ongmo sjx'cd, .... 

Normal j)roi>ellor sjwed, 

J8j»eed winch engine should not o.xcccd, . 

Fuel consumption at normal ]>o\ver and 
speed, using Shell “ B ” petrol, 

Weight of engine, including proj>oller 
hub, hand-starting gear, carburetters, 
magnetos, engine feet, induction 
gear, but cxcludmg exhaust proce.ss, 
radiator, oil, fuel, water, starter 
motor and battery. 


:VM) 

1 jb.'Kl rcvubUions |)ermiiiute. 
blK) 

1,8110 „ „ 

21 gallons |>or liour. 


(HIO lbs. 


♦ (.'has. Griffin & Co.. Ltd. 
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Geserai. Arrangement and Leading Dimensions of Rolls-Roa-ch 360 H.P. Aero Engine. 
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The speed reduction from the crank-shaft to the propeller 
is through an epicyclic'gearing with a ratio of -0 ; the position 
of this gear is given on the general arrangement diagram, and 
the makers claim that the e|)icyelic gear is preferable to any 
other type of reduction gear, beeau.se it causes no ju'cssure on 
the crank-shaft bearings due to reaction of the drive, seeing that 
the direction of motion is not reversed. The a.xial arrangement 
of this gear also enables economy in the casing to be effected, 
as many of the heavy stresses are avoided. 

The cylinders are made of forged steel, and ignition is effected 
by four six-cylinder magnetos, two firing on each side of the 
engine, and each cylinder being provided with two ignition jdugs. 

LupricatioH and Cooling.- The lubrication system is of the 
type in which one oil-pump supplies pressure oil to the main 
bearings, and other parts, while one scavenger pump evacuates 
the accumulation of oil in the crank-case to the oil tank, which 
should be provided in the installation. Each oil pump is jiro- 
tccted by a strainer, which can easily be detached and cleaned. 

The oil consumption is approximately 1 gallon per hour. 
The quantity of water carried in the cylinder water jackets, 
water pipes, and ])ump is 3-1 gallons. The water system is 
completed to three points, at which pipes or cou)iling.s joining 
to the radiator may be fixed ; the.se consist of one inlet connec¬ 
tion to the water pump, and two outlet connections, one for each 
group of six cylinders. ^ 

Starting Gear.--For starting the engine an electric motor is 
fitted, arranged to turn the engine at about 25 revolutions per 
minute through a reduction gear of ratio 100:1, after the induction 
pipes have been “ primed ” with petrol; the explosions in the 
cylinders are brought about by the operation of a hand magneto. 
The control gear for operating the starter finishes with a wire 
pulley on the engine, so that connection can be made to it to 
a distance, if desired. 

The special priming device is a light and simple apparatus 
embodying a hand pump, which can be fixed in any convenient 
position near the pilot’s seat: one iiriming device may serve 
two or more engines with the use of a change-over cock. 

A detachable handle is incorporated for “ cranking ’’ the 
engine by hand through part of the reduction gear, through which 
the electric motor drives. 

Performance .—The accompanying chart gives the power out¬ 
put of the engine and fuel consumptions at various speeds. 
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The data upon wliicli the chart were plotted wore obtained 
by cou|)lin^ tlie cnji^inc to a dynaniome*ter and measuring the 
brake liorsc-power at certain rates of fuel consum])tion and 
various speeds. During all these tests the mixture regulator 
was set to giv<* tlie best mixture*, the necessary adjustments 



Cjiart showing B.H.i*. of R()LL'< Rov< k Akho Engine at Roll Throttle 
Otening at Various Altitudes and B.lI.R. at Various Speeds 
AND Fuel Consumptions at (tRouNU Level. 

being made by altering the dynamometer setting and varying 
the throttle opening. 




360 It P. UOLLS-RO^CE AERO EN<iINE. 


The chart, as well as that shown on p. 181, sliows the great 
speed elasticity which is now possible with the petrol engine : 
iu the early days of jK'trol engines the range of sjteed at which 
the engine could run while giving out an a))j>reciablc amount 
of power was very small. As a icsult, it was necos^^ary for the 
driver continually to be opeiating tlie cliange-s[teotl lever in 
making a journey in a motor ear. 
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LECTURE XII. 

OIL ENGINES. 

Contents.—T iic Is'atiounl Oil Eni^ine; General Description; Vaporiser; 

('ylinilor and Valves—Erineipal Overall DimensionH—Instructions for 

Working—Use ol Heating iijt Lamp—Startmg-iip by Hand ; Water 

Injection—Stopping the Kngme. 

Strictly speaking, of course, a jictrol engine is an oil engine, 
and so is a Diesel or sinni-Diesel engine, wliie.li we shall consider 
in the next chapter. The kind of oil engine which wc will con¬ 
sider in this chapter is the slovv-rnnning engine similar to the 
gas engine, which btirns ordinary comparatively light oil, such 
as paraiiin or kerosene. 

In an oil engine the carburetter of the petrol is rc))laced by 
the vaporiser, which serves to combine the oil and air into an 
explosive mixture. 

The National Oil Engine. —The accompanying illustration of 
the oil engines manufactured by the National Gas Engine Co., 
Ltd., Ashton-under-Lyne, shows in detail the construction of a 
typical oil engine of good design. 

General Description .—This oil engine, as is the case with prac¬ 
tically all similar engines, works on the four-stroke cycle. The 
governing is on the hit-and-miss method described in general 
detail on p. 165. [In the illustration on p. 192 the governor 
die or transmitter 18 will be noted, and also the pusher blade 
or jiecker 19.] The bed is massive and of girder form, with a 
continuous arm in the line of direct stress, thus providing foi 
strength and rigidity, and it extends well to the rear of the engine 
so as to reduce the overhang of the cylinder. 

Water injection is employed to prevent overheating of thr 
vaporiser at full load, and to assist in maintaining the cylindei 
clean. 

Vaporiser .—The vaporiser, which is shown clearly on th( 
sectional view, is of the type in which a heating lamp is required 
for a few minutes only during starting, the explosions afterward; 
generating sufficient heat to effect future vaporisation anc 
ignition. 
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Dk.'^c 

Gl Oil and Wjitcr rump Cam 

52. 011 I'ump Li \rr llolliT. 

53. Cylinder S S Bracket. 

54. Air Lever Kork 
65. Exhaust Lever 

59. Exhaust Lev er Adjustiiij; 

Screw'. 

67. Exhaust Shackle. 

58. Exhaust Spriiiji 
59 Exhaust Spring Holder. 

60. Exhaust Spring Holder 

Stud 

61. 011 Pump Bracket. 

62. Ivump Bracket 

63. Lamp Bracket Stud. 

64. Lamp Bracket .\djustlng 

Screw. 


KII’TION OF I’.AIITS —(roiHoi 

65 Oil Pump L< vcr l''iilcnnn. 
06. (HI IMiinp Valve Cover. 

67 Oil Pump Spring 
08 Water Injection Piim|). 

69. (fovernor Stop 
7U. Delivery Pipe from Water 
Pump 

71. Governor Lever Eulorum 

Pin 

72. .\ir Lever Fork Pm. 

73 .Air Lever Fulcrum 

74. Air Inlet Valve Box 

75. P)|)e coimecting Oil Pump 

to Tank 

76. Oil Pump Plunger Guide. 
78. Inlet Water Flange 

79 E.xhiiU'^t Flange. 


ted). 

80 .Vir Flange 

81 Drain Tap for Cylimler 

SS Bracket. 

82 .Air Pipe 

84. Exhaust Sjjrmg Holder 

8et Screw 

85. I’ipe connecting Oil Pump 

to Spray 

86. Exhaust L<;ver Fulcrum, 

87. OoviTiior Hull !’ln 

88 Governor Hanging Link 

Eye 

89 Goveruor Fork 
90. Governor Spindle. 

97 Stud for Oil Tray. 

98 011 Tray. 

09 Drain Cock for Oil Tray 

13 
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Many slow-running light oil engines rely entirely upon the 
temperature of the vaporiser for the timing of the ignition, 
which, therefore, becomes rather precarious; in the National 
engine the impulses are timed by the action of the piston at 
the end of its stroke, working iu conjunction with a bye-pass 
and ignition tube. 

Cylinder and Valves .—The cylinder is a short casting, and 
contains the exhaust and main inlet valves. It is fitted with 
a separate liner of very hard cast iron, which is capable of easy 
replacement. The cylinder and liner are built into the frame 
of the engine, so as to secure rigidity, and an expansion joint 
is provided at the front of the liner, which is thus free to expand 
under the working heat. 

The arrangement of the valves in the cylinder casting keeps 
them well away from the hot vaporiser; the cams on the side 
shaft for operating the valves are provided with large wearing 
surfaces, and are shaped with special regard to quiet action 
of the valves. 

Instructions for Working.- -The following extracts from the 
instructions for working issued by the makers will enable students 
to understand more fully the construction and operation of the 
engine. 

Use of Heating-up Lamp — Filliny. -VJnaciew the cap (4) and 
fill the reservoir three parts full of petroleum, which should be 
pa.ssed through a strainer ; replace the caj) (4) and screw it down 
tightly. 

Lighting. Oyien the air relief cock (5). Fill the heating-up 
dish (6) with methylated spirits or petrol and light it. When 
this has burned for two or three minutes, close the air-relief 
cock (5), and give a few strokes to the air pump (7). The lamp 
will now start working, the gases issuing from the nipple (8) 
being ignited by the flame from the spirit. When the spirit 
has burnt out, the burner will be sufficiently hot, and the lamp 
can be pumped up to full working, 

Extimlion .—To stop the lamp from working, unscrew the air 
relief cock (5) and leave it open. 

Starting-up by Hand. —While the lamp is heating-up the 
vaporiser carry out the following operations :— 

(1) Pill the lubricators and make sure that all the oil feed wicks 
are placed in the small tubes provided for them. 

(2) Set the glass sight-feed lubricator to work by raising its 
spindle. Adjust the brass milled nuts so as to give the correct 
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as to bring it into contact witli the relief cam; a steel pin (12) 
is supplied for keeping this roller in position. 

(4) Turn the flywheel until the engine is in the correct position 
for ojierating the oil pump. The roller (52) on the oil pump 
lever (17) will then be against the flat on the oil cam (51). 

During the time (five to .seven minutes) necessary for these 
preparations the vaporiser will have become sufficiently lieated 
to enable the engine to be started. 

With tlie .small handle (16) at the end of the oil piiinji lever 
(17), give a few smart downward strokes to the oil jiump. To 
make this possilile, the governor die (18) must be in such position 
that the ))usher blade (19) will pa.ss over it. 

Now turn the llyivheel.s <[uickly in the direction of rotation 
until the engine receives an impulse. As .soon .as the engine 
has received three or four impulses move the e.xliaiist roller 
(11) to the left, back into its working position, and .secure it 
there with the steel pin (12). 

Water Injection.- - '{'hia should be used only when the engine 
is working at three-ipiarters to full power, and the engine ought 
to run at least an hour before the water in|ectioii is neccissarv. 

As soon as the vaporiser becomes too hot, and when the e.x- 
plosioiis appear to be violent, open the water cock (20). It is 
best so to regulate it that the c.xplo.sions can just be he.ard. 
Care should be taken to see that the cock i.s closed when the 
engine is stojipcd, as otherwise the vaporiser would become 
flooded with water. 

titopinng the Engine.- Wxxah the oil piini]) lever (17) ilown as 
far as possible and insert the small brass wedge (14) (which is 
secured by a chain near the iiiiinp) into the siiace left between 
the small collar on the pump spindle and pump bracket. 

After stopping the engine, turn the flywheels so that the crank 
is just above the in-centre ” on the firing stroke. In this position 
the air and exhaust rollers (11) and (46) will revolve freely. 
This ensures the closing of the valves, which i.s very important; 
inattention to this point may occasion trouble when re-starting. 



198 


LECTURE XIII. 

DIESEL AND LIKE HEAVY OIL ENGINES. 

CoNTENT-s. —The Essential Features of the ttiesel Eiieirie—General De* 
scrijition and Method of Startiiie the Fhlome--Tlie Vickers-Petter 
Semi-Diesel Engine; 1'est Re.sults; .Starting Jliinier; Coinpreased 
Air Starting Gear: Light-running Gear—The Diesel Engine for 
Marino Propulsion. 

The Essential Features of the Diesel Engine.- We have seen in 
Chapter IV. that tlie Die,sel cycle is practically the same as the 
ideal constant pressure cycle; the Die.sel engine was introduced 
by R. Diesel in about 1895, and very considerable interest was 
taken in it at the time, because the thermal efficiency measured 
upon the indicated horse-power was considerably in excess of 
anything which had been obtained up to that tunc. This in¬ 
creased efficiency was commonly stated to bo due to the fact 
that the engine a|)])roached more nearly to the thermodynamically 
ideal engine than any other heat engine. 

The essential feature of the Diesel engine is that no fuel is 
drawn in at the .suction stroke; the air i.s compressed very 
highly on the compression stroke, the temperature being suffi¬ 
cient to cause to burn the oil which i.s pumped into the cylinder 
at the, early portion of the working stroke. The result is that 
during the first part of the working stroke, while the oil i.s entering 
the cylinder, the jiressure is kept nearly constant by the heat 
which continues to be generated. The first part of tlie working 
stroke, therefore, resembles that up to the cut-off in a steam 
engine. The compression ratio is very high, which makes for 
efficiency, and all risk of premature ignition which would occur 
with high compression in the ordinary internal-combustion engine 
is avoided, because the fuel only enters the cylinder when it is 
desired that combustion should occur. 

The very considerable success which the Diesel engine lias 
achieved in practice is probably due more to the tact that it' 
can be run on cheap crude or heavy oil than on account of its 
high therinodynaniic efficiency. 
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In a test of a 500 H.P. Diesel engine made by Mr. M. Long- 
ridge, the I.H.P. was 595, after allowing for the negative work 
done in the pump by which the oil fuel was forced in. The 
consumption of oil was 207*2 lbs. per hour, or, roughly, *35 lb. 
per I.H.P.-hour. Taking th(> calorific value in Centigrade units 
as 10,000 units per pound on the lower scale, these figures corre¬ 
spond to a thermal efficiency of 11 per cent., which is roughly 
twice as high as has been found in any steam (Uigint*, and is 
considerably higher than for any gas or light oil engine. In 
these tests, however, it has been calculated that if the pumps 
supplying oil and air at high jires.sure had been driven by the 
engine itself, the mechanical efficiency should be taken as *77, 
so that the thermal efficiency rediice.s to 32 })er cent. 

This is an example of a point which we made in the first 
cliapter of this volume ; for practical purposes we must measure 
the thermal efficiency from the brake horse-power, because in 
some cngim's of high efficiency, such as the Diesel, oonsideralile 
power is necessarily absorbed in the engine itself, so that the 
thermal efficiency based upon the indicated horse-])ower is a 
fictitious and rather misleading figure We mu.st also bear in 
mmd that the indicated liorse-power is calculated from an indi¬ 
cator card, the accuracy of which is not always free from suspicion. 


Tni: Dikskl Oh. Knoisi;. 

General Description and Method of Starting the Engine. The Diesel 
Oil Engine is single acting and the details will bo easily followed by com¬ 
paring the index to parts with the one outside and two acclional views. 
The engine crank when placed just past the top centre by means ot the 
barring handle BH, and if the starting handle be placed m position SHf ; 
then, compressed air i.s admitted from tlie starting air reservoirs through 
the starting valve SV to the cylinder This air at high pressure acts 
upon the piston D and cauhc.s the pi.stou to move down. Eurthor, during 
the upstroke of the pi&ton the previously admitted air exhausts from 
the cylinder C through the exhaust valve KV and outlet EO to the atmo¬ 
sphere. After the engine has made 5 or 0 revolutions tiio starting handle 
SH, is moved into the vertical position ; thus cutting olf the air supply 
by throwing the lever and roller SVL out of gear, and at the same time 
bringing the fuel valve lever FVL and fuel valve EV into action. Now, the 
high pressure air from the blast receiver (not shown in the illustrations), 
which passes round the fuel valve KV' carries oil as a tine spray from the 
fuel valve casing into the cylinder immediately the fuel valve FV is opened. 
When the oil spray is ignited by the heat produced during the previous 
compression of the air inside the cylinder, tlie engine is ready for taking 
a load. 



Csosa AKD r,ONOITUDINAL VERTICAL SeOTIOHS OF A 
Dibskl Oil Engine. 

(&t (iA/arin, fOfie for th, Jndrx to Part,, and the third paoe after 
C/its for tht ouitidt' vitfwj 
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* Index to I’arts. 

Bil represents Barring Handle to sot tlic piston at beginning of its down 
stroke (.'■vr ihe^ont-.idc new). 

>SJf, „ IStarting Handle in position I. 

C'Sg „ ('am Shaft and cams. 

SVJ., ,» Starting Valve Lever and roller. 

SV ,, Stalling Valve. 

A1 „ Air Inlet Pipe for admitting air from the starting leroivers 
at pressure of 800 to OOO Ib.'^. per .scpiare inch. 

AV ,, Air Valve to cylinder. 

HV ,, Exhaust Valve. 

EO * ,, Exhaust Outlet pipe. 

(.'(J „ (.'vliiider (.’over. 

W’J „ V’ator Jacket. 

(' ,, Cylinder. 

P ,, Piston. 

CP ,, Crossliead Pin. 

CR ,, (.'onnccting-Rod. 

CSj ,, (’rank )Shaft. 

IHi ,, Bearing Bushes, 

ftp „ Bed-Plate. 

Et „ Engine Column. 

SHj „ Starting Handle in position 2, ^mHi SVL and starting valve 

thrown out of action. 

FVL ,, Eucl Valve Lever and roller. 

FV „ Fuel Valve. 

FP ,, Fuel J*i|>e from oil piiinj>s Oi^, and an blast supply from 

blast receiver at a pressure of HOO lbs. per square inch. 

Air Covipressur Hear, 

( i) „ Compressor Driving Gear from (.'R. 

ACP ,, Air Compressor Piston. 

AC „ Air Compressor cylinder. 

WAO „ Water Air-Cooler oi/fS(de iieie). 

Governvr and Cam-iShift Gear. 

WW „ Worm Wheel on CSi for driving Governor and cam shaft. 

WS ,, Worm Shaft {see outside view). 

G „ Governor {see outside view). 
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The Warking Cycle. —'I’hiH engine operates ujjon llic well-known four- 
stroke Otto eyele 

1. On the lirst actual working down stroke of the piston, air is drawn 
direct from the atmosplicre mt<i the cylinder 0 throiigli tlic air inlet Al 
and air-viilvc AV. 

2. On the lirst njistioko this air is ((hnprcHsed, which raises its tem¬ 
perature .snlhciciitly to ignite the fuel, wlien this is admitted to the cylinder 
as indicated above. 

Ik At the point of inaMimirn compression, and during the lirst peiiod of 
tlio next down stroke, an oil spray is blown into tlie <yliiidrr by coni- 
prcMscil air from the blast receiver, through the liicl pipe l’’l* and fuel 
valve l’'V. 

4. On the soiond iipslmkc the jnoducts of coinhustion aie expclleil to 
the atinosjiliere ]»aet tins exhaust valve fv\’ and tlirongh the exhaii-l outlet 
pipe KO. 

AdniHUtycs. -The (iigine is a vertical one and the tour valves. S\'. A\. 
TV, IvV aie aiiangcd in the (vliiuler covet. Iv.ieh valve has a sep.u.ite 



Diaojiam tvkkn with a “ jM'iN.si s-])oni!ir. ” Ivxi’lusive h'xoiNJ. Tnoi- 
C'ATon, OF THI-: Smvlj. Si/i; Dj.sion with om: ExTi:i:N'vr. SrniNv;, 
FnoM A Diksfi, Oil l•'^(.;l^l;. Initial Pklssful, ri20 lus itk so 
ixi'i! ; SiTiiNO. I,, To Till; IM II ; Klvs. Ti-m MINI Tt:. 202 ; Jklf.P SO. 


seat, which can be removed without dis]»laeing tlic valve-diivmg gear or 
lilting tlio cylinder cover. 

'Fliese valves are me<-lianieally opened by cams upon the shaft CS^ 
Tins shaft is driven from tlie woimwlieel AVW on the crank shatt. tlirough 
the worm shaft \VS, at half the speed of the engine eiaiik shaft ('S, 

The compressed air which is required for staiting the engine and for 
blowing the fuel into the eylinder is suiiplied by tlu‘ air comjnessor A(’. 

In the latest form of the Diesel Oil Kngme the air is eompiessed in two 
stages and the compressor is directly cou])led to the end of the crank- 
bhaft C8,, as shown by the outside view. 

It will be seen from the aecompaining indicator diagram that theie is 
no explosion or sudden use of pressure in the cylinder (', hence great 
smoothness in running. 
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OUT'^IDL Vll.W ol.' V DllShl. ()JJ. IvNiOM,. 
>f\l)K UV MtKKLrK'., W’a'IsoN iV (iLV'SOoW 


The Vickers-Petter Semi-Diesel Engine. Tlic term semi-Diesel 
is employed to describe an engine hIucIi burns crude oil but does 
not carry the compression high enough to cause combustion 
of the fuel. 
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The Viokers-Petter engine works upon the two-stroke cycle, 
with crank-chamber compression of the air and the admission 
of the compressed air to the cylinder is by way of inlet ports 
which are over-run by the piston. 'I'bc exhaust ports are on 
the opposite side of the cylinder baiVels to tlie inlet ports, and 
are over-run by the piston when near the bottom of the stroke. 
At the moment of maximum compression fuel is injected into the 
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hot-bulb combustion chamber through a sprayer by means of 
an oil pump, the variable stroke of which is controlled by a 
governor. 

The following table gives the leading dimensions and other 
useful data of the various sizes of this engine. 



Leading dimekpions 
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Test Results.— The following test result^ give a good idea of 
the fuel consumption and “ flexibility ” of this type of 
engine:— 

< 

(a) 35 B.II.P. Engine at 275 Revolutions per Minute run on 
Admiralty Fuel Oil supplied by the British Petroleum 
Company. Sp. Or. = -9.30 at 68“ F. ; Calorific Value, 
19,300 B.Tii.U. PER Ln. 


Duration of test, 
Revolutions per minute, . 
Actual li.H.l*. developed, . 
Total fuel consumed, 
l<\iel consumed per B.H.V. 
hour. 


N’oiin;il l-oail 
Ti-^t 

0\ (Tloiul 'I'l st 
at acculpratial 

Rcdncpd S|K <‘(1 
Ti>t 

2 liours 

1 hour 

2 hours 

25t) 

300 

215 

34 7 

40-7 

29-1 

28 iiints 

19 pints 

25 pmts 

■404 ])int 

•400 pint 

•43 pint 


(b) 50 B.H.P. P]n(jink at 250 Revolutions per Minute run on 
Scotch Shale Oil. 



j” 

' Nuniial 
Load Test 

' ! 

(ivcrload 
Test at 
Normal 
Spprd. 

Rcduct'd 
Siiurd Tests 

Slow Speed 
Test. 

Duration of te.st, 

i 0 hours 

1 hour 

3 hours 

2 hours 

Revolutions jier mmute, 

! 250 

252 

214 

178 

Actual B.H.P do* 





veloped. 

50-7 

55-7 

42-0 

35 0 

Total fuel consumed. 

132 pints 

24 pints 

57-5 pints 

32-7 pmts 

Fuel consumed per 





B.H.P.-hour, 

•433 pint 

•431 pint 

•455 pint 

•467 pint 


(c) 200 B.H.P. Engine at 250 Revolutions per Minute run 
ON Gas Oil, -895 Sp. Gr. 


Duration of test, .... 5 hours. 

Revolutions per minute, . ' . . 300 

Actual B.H.R. developed, . . 232 

Total fuel consumed, . . . 472 pints. 

Fuel consumed per B.H.P.-hour, . *407 pint. 
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Starting Burner. For starting the engine a special rapid 
starting liquid fuel burner is provided : this burner is operated 
by compressed air or inert gas and requires no pre-heating. 
The oil container A is filled with jiarafiin, and a wick is di]>ped 

k 


t Oil Containcr 
e FlULlMO Pllc. 

C BiiANCR 090V 
0 GuRNLR NOZZLC 
t Flame Tube 
r On Stbainc* 
c Oil Rloolatoh 
H Am RCCULATon 
K PaissuBt GAyot 
l. AiH FilTC R 
n Drain • Cocm I o ; < 



Starting Burner for Vickers-Petter Semi-Diesel Engine. 

in paraffin and placed in the pocket E*; the wick is then ignited, 
care being taken to see that the flame extends inside the tube 
E. The compressed air is then turned on by opening the valve 
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shown below, and the oil regulator 6 is opened; the air regulator 
is then opened carefully until a pressure of 20 to 25 lbs. per 
square inch is shown on the pressure gauge K. The oil is thus, 
forced to the burner by the pressure of air in the container, 
and is then ignited by the wick, the proportion of air and oil 
leaving the container being carefully regulated to give the 
desired intensity of flame; an excess of oil to the burner will 



Compressed Air Starter, Vickers-Petter Semi-Diesel Engine. 


be indicated by a yellow flame, while an insufliciency of oil 
will be indicated by a short, fierce flame. 

Compressed Air Starting Gear.—The compressed air starting 
apparatus consists of a valve R and a pressure receiver Q, into 
which compressed air or inert gas is forced and stored during 
the working stroke of the engine, when next it is required to 
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start. When connecting the pipes, care must be taken to make 
all joints air-tight and fo ensure that the prc.ssure gauge is screwed 
in firmly. When starting the larger engines for the first time, 
the receiver is charged by means of the hand pump sui)plied. 

When the engine is ’’uniting, the pressure receiver may be 
charged in the following manner:—Open the valve S and turn 
hand wheel T to allow the starting valve to act a.s a cheek or 
back pressure valve, and the receiver will be charged to about 
150 170 lbs. per scjuare inch in a few minutes. 1)0 not allow 



LiaiiT-KUNNiNii (Jexa, VicKKHS-PcTTKu Skmi-JIikski, Km.ivi,. 


A, Fuel Pump Body. 

B, Suction V’'alve. 

C, Delivery Valve. 

D, Pumj) Plunger. 

E, Safety J^iaphragm Plug. 

F, Fuel I’ump Handle. 

G, liockerAnn. 

H, Auxiliary Rocker Arm. 

I, Hand Operating Lever. 

J, Notched Quadrant. 

K, Equalising Chamber. 


L, Fuel Pump Suction Pipe. 

AI, Fuel Feed Pipe Connection 

O, Pump Handle Stop. 

P, Pump tlamlle A<lju.stii^g 

Screw. 

Q, Equaliser Air Release Cock, 

R, Sprayer Body. 

S, Sprayer Nozzle. 

W, Delivery Pipe. 

X, Eccentric Rod. 

Y, Connector carrying Strainer 

14 
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tlio .starting valve too much lift or it will become overheated. 
After tlic receiver is charged, close the 'stop valve S and with 
the hand wheel T close the .starting valve R. 

Light-Running Gear. The light-load gear for single-cylinder 
engines consists of an auxiliary rc,;ker arm If mounted on an 
eccentric, which, when in use, opcrate.s the fuel pumj) 180° in 
advance of the normal timing, hy dejiressing the fuel pump 
hand lever fi’. 

To o|)crate, move the handle 1 over towards the light-load 
mark until a .slight .stroke is given to the fuel jiunip hand lever 
F, the stroke being regulated to suit the load on the engine 
and to maintain siillicient heat in the conihustioii chamher to 
ensure regular firing and steady running. 

Till' handle I should not he moved into the light-Io.ad |)osition 
wdien file engine is sto)iped, unless the fuel pump handle F i.s 
depressed. 

The Diesel Engine for Marine Propulsion. Considerahle pro¬ 
gress has been made in recent years in the .application of oil 
engines to marine propulsion, so that the “ oiler ” is gradually 
becoming a serious rival to the " steamer.” 

We are indebted to the author, and to the Sei'retary of the 
Institute of Jihigineers and Shipbuilders of Scotland for pcr- 
inission to give the following quotations from a jiaper road before 
that body by Mr. .lames Richardson, R.Sc , on ” The Present 
Position (I92t>) of the Diesel I'lngine for M.iiine Propulsion ” :■ 

'I'lie lu'osent position rellects clearly the finding of past per¬ 
formance. Eighty-four per cenl. of fhe .ships are twin-.screw, 
and over 80 per cent, of the total number of marine engine.s and 
hor.se-])owcr i.s of the four-stroke cycle type. In Rritain the two- 
cycle is more favoured than elsewhere. 

The most important of the ]irobleius of design arc coinmon 
to both two and foiir-cyr'le engines, and the first concerns the 
injection of the fuel into the working cylinder. The exact quan¬ 
tity of fuel, at a jiressure .siillicient to ensure injection, must be 
uieasiired out by the |)iim[) and spread in some 30° of revolution 
as widely as possible into the combustion space, in a sufliciently 
finely-divided state to ensure rajiid ignition and satisfactory 
combustion, riiiefly in this direction of improving distribution 
of the fuel ',n the combustion chamber can increased economy be 
sought. 

There are two alternative methods of spraying ; one by means 
of conqiressed air, the other by injecting the fuel at a high 
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pressure, known as the M>lid-injection system. The utilLsation 
of compressed air is most general. So far as marine installations 
are concerned, the princijial advantage of the solid-injection 
method, where coiniJressed air is not u.sed to a.ssi.st injection, 
and Is only reipiired for jihang mameuvring power, is that 
the compres.sors are not a jiart of the main pro)>eIiing engine, 
and do not require to run coidiiniously at sea. Moreover, the 
air-conipressing plant, where solid injcclion i.s adopted, can be 
reduced by from 40 per cent, to .50 per cent, in capacity. 

Ueli.ibilitv with air compressors delivering at 8,50 lbs. to l.tKK) 
lbs. per square inch has now reached a high level, the leading 
factors towards this end being generally appreciated, and air- 
compressor jiroblems rated at their full value. Multi-staging is 
essential, and compression to 1,000 lbs. jier .square inch should 
be carried out m not less than three stages, .so }iroportioned that 
no undue ratio of conijire.ssion and con,se(|Ucnt temperature 
can occur in any stage Particularly should the first or low- 
pressure compression be minimised Such rises ot teinjieraturi' 
as are inevitable with compression should be reduced by eflicient 
cooling of the air during compression and by the in.stallation of 
inter-coolers and after-coolers to reduce to atnKcs])heric vihatcver 
temperature remains after compression. Kemoval of moisture 
fi im the air should be facilitated. Kvery eltort in de.sign should 
be made to ensure that the compressor valves and springs can 
he c.isily removed and replaced. 

It IS not to be inferred m any way that tinality ha.s been rcai lied 
in com|)rcssor design or in mctlioils of injection. In regard to 
the former, a better means for removing oil and moisture from 
the air is re({uired, and in re.sjicct of injection a .suitable valve 
should be jiroduecd wdiicli, wliilsl requiring compressed-air 
sjiray for full power and maximum elliciency, can still ojierate 
satisfactorily at reduced power without the medium or assistance 
of compressed air. 

The othi'r fundamental of injection, the measuring of the oil 
fuel, involves the most delicate apparatus associated with the 
Diesel oil engine—the fuel-injection pumps and controlling gear. 
The system of liaving one pumj) per cylinder is now almost 
universal for marine work (excepting wdiore solid injection is 
n.scd), and only in this way can the maximum security against 
a large jiercentage of overcharge and overload in one or more 
of the cylinders be obtained. These individual pumiis, therefore, 
become of relatively small size. Kven witli separate, pumjis, 
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continual care aivl intelliffent supurvisinn must lie exercised 
to ensure that the deliveries from the pumps are maintained 
equal, lest one or more cylinders should be overloadisl to counter¬ 
act the elfect of diminished deliverira from defectively working 
pum|is. Means are now eenerally jirovided whereby any pump 
can be cut out and overhauled wdiilst the remainder are in 
operation. 

'I'he Diesel engine remains a heavy and expensive |)rime mover 
in comparison with its steam rivals. Even with the progress 
made in de.sign within the last si.x years, it can definitely be 
stated that there has been generally an mcrea.se in the weight 
and the siiaee oecujiied by the slow-spced Diesel engine ]ier 
hor3e-])ower developed continuously. The factors ojiposed to a 
reduction of these disabilities and rendering diltieuit the path 
toward the higher jiowers now desired, are the temjieratiire 
gradient through the metal surrounding the combustion chamber 
and the fact that the major jiortion of the material of the engine 
is only utilised for a small fr,action of the running time. The 
former refers jiarticiilarly to the two-cycle, and tlie latter to 
the four-cycle engine, where three-quarters of the running time 
is idle .so far as jiowftr output is concerned. Moreover, of the one 
jiower stroke jmt two revolutions, only one-half of this stroke, 
or 12-5 jier cent, of the cycle, stresses the parts of the engine 
camparably with their strength and scantlings. 

The unique cconoimcs jio.ssible by the adojition of the |irm- 
ciple of internal combustion are only gamed at the expen.se of 
foregoing all the many advantages derived from using the most 
flexible known power-conveying medium, steam. 

To aiqireeiate the tyjie of stre.ssiiig to which the main jiarts 
of a Diesel engine are subject comjiarison may be made with a 
steam engine of normal design and of equal jiower out|mt. The 
maximum normal load with the oil engine is more than five 
times as great, and. furthermore, the rate of ajijilication of this 
main load is iiicrea.sed 10 times* With internal combustion the 
normal stresses are liable to sudden increases calling for a larger 
factor of .safety, and de.sign (juestions relating to the main jiarts 
of the engine must be considered strictly in tliks light. 

In regard to the temperature gradient and the strcs.scs so 
incurred, data are lacking: hut, so far as they are available, 
they go definitely to -prove tluit tlie four-stroke cycle engine 

* Proc. of the Junior Jnslitiition of Engineeis, May, 1914 “ High Power 

Diesel Engines : Their Develojiment for Marine Service,” 
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has distinct advantage^. It can lie shown tliat the tein^ierature 
gradient through the metal of a four-cycle cylinder liner and 
through the furnace of a cylindrical marine boiler an' substantially 
ci|iial. In the, former the ^tressing is intermittent, and in the 
latter relatively steady, h he stresses conseijuent ujion this 
temiierature gradient are half as high again iii the ease of the 
boiler furnace, ilue to the higher coetHcient *of exiiansioii and 
modulus of elastii'ity of steel as compared with cast-iron. With 
the cylinder liner the transmission of lieat is a siihsidiarv function 
to the more im])ortaiit duties of guiding the ]iower piston and 
maiiitainiiig a suitabh' surface to permit ])iston-iing ga.s-tightno 3 s 
with iiiiiiimuiii friction. The simple di'sign of liner adopted up 
to the present with all but a few e.xeejitions cannot be ap|iroved 
on thi'orctical grounds d’o obtain a minimum valui' for the 
combined stre.ss con.seipient uiioii tempeiaturc gradient through 
the iiK'tal and internal pie.ssiire, a ribbed and built-up form 
of construction must be adopted. This can vi'ry simply be 
aceonijilish('d, as is sometimes the easi, with the four-c>ch‘ 
engine, but imposes greater diHieulties m tlm ease of the two-cycle, 
where e.xhaii.st and .scavenging ports have to be accommodated 
in the cylinder, (iominitatioii of the high stresses with the 
two-cycle cylinder in way of scavenging air-inlet and mam 
e.\!'ausl ports is extremely difficult. The.se are bound to be 
vei' eoii.siderable in view' of the high vi'locity of tlii' exhaust 
gases and the eimsequent high rate of heat tiaiisini.ssion Iroiii 
the.se gases to the walls, and are further iiiteiisilied by cooling 
and distorting effect of the entering .scavenging air with the 
noi mal two-cycle design 

At jiresent the cost can be stated to be from 25 per cent, to 
3.5 |)er cent more than for a steam plant, depending on the type 
of auxiliaiies applied to the oil-eiigined shi]), and whether coni- 
jiari.son is made w'lth reciprocating or double-reduction turbine 
steam maeliinery. Thi.s higher cost is minimi,sed in effect by 
the greater cargo-carrying capacity soiiictimes po.ssible by the 
adoption of oil engines, or alternatively by tlic fact that a smaller 
Diesel-engincd ship .serves to give earning capacity equal to a 
steamer. The economy of operation jiossible with the oil engine is 
such tliat, granted reliable performance, the extra cost is .speedily 
halaiieed by the increased profits obtainable. The total saving 
for 200 days’ sailing per annum by iiistalliug Diesel instead of 
steam machinery is given for wages and keep, fuel and oil costs, 
ill tlie case of a single-screw ship of 1,000 brake horse-power, 
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Cost op Fuel Oil anij Coal at Principal Ports, July, 1920. 


Poit. 

V 

Fuel Oil per 
Toll 

per Toll 

Alexandria, 

F «/. 

250 0 

F. (/. 

186 0 to 200a. 

Adelaide, .... 

180 0 

•40 0 

Batavia, .... 

150 0 

127 0 

Bombay, .... 

150 0 

45 0 

Buenos Aires, 

28o 0 

170 0 

California, .... 

62 0 to 92 0 

69 0 

Christiania, 

224 0 

210 0 

Calcutta, .... 

250 0 

25 0 

Cape Town, 

220 0 

46 9 Transvaal. 

Colombo, . . ... 

150 0 

102 6 

Curacao, .... 

80 0 

125 0 

Glasfiow, .... 

250 0 

115 0 Welsh. 

Hong Kong, 

150 0 

115 0 Welsh. 

Havana, .... 

142 « 

125 0 

Karachi, .... 

150 0 

45 0 

l.<ondon, .... 

250 0 

115 0 Welsh. 

Liverpool, .... 

250 0 

115 0 Welsh. 

Lisbon, .... 

250 0 

160 0 

Madras, .... 

150 0 

45 0 

Melbourne, 

180 0 

35 0 

New Orleans, 

58 2 

40 0 to 69a. 

New York, .... 

47 6 

55 0 to OSa. 

Falembang, 

125 0 

127 0 

Pensacola, . '. . . 

80 0 

42 0 

Port Said, .... 

250 0 

186 6 

Panama, .... 

75 0 

120 0 

Rotterdam, 

220 0 

160 0 

Rio de Janeiro, . 

250 0 

185 0 

St. Thomas, 

160 0 

124 0 

Sydney. 

175 0 

21 3 


Average price per ton 


:—Coal = 1048. 


fuel oil = 191s. 


and also a ship of 2,400 brake horse-power; twin-screw in the 
case of Diesel engines and single-screw in the case of steam. 
No estimation has been made regarding the other savings gener¬ 
ally po.ssible, the most important of which is additional cargo 
capacity, no stand-by losses, and higher average speed, more 
particularly when the oil is compared with the coal-fired ships. 
The figures, however, for the savings in fuel, lubricating oil, 
wages and keep are, it will be admitted, sufficiently attractive 
to merit close attention by shipowners to the Diesel system 
of propulsion, when full comparisons can readily be made to 
meet the specific case of any particular type of ship or trade. 
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LECTURE XIV. 

PRODUCER GAS PLANTS. 


Contents.— Theory of Producer Gas—Dowson’s Analysis of Heat Re¬ 
actions--Theoretical Analysts and Calorific Value of Producer Gas— 
Requirements of Good Producer Plants—Mond Pressure Producer- 
Same Data on Mond Gas Plants—“ National ” Suction Gas Plant— 
Questions. 

Theory of Producer Gas. —Producer gas is obtained by forcing 
or sucking air through a mass of highly heat(!d fuel, with the 
result that the carbon is o.xidised to carbon moiio.xide (CO). 
In order to utilise the high temperature produced, steam is 
admitted along with tlic air, the resulting hydrogen formed 
assisting materially to increase the calorific value of the resulting 
gas. 

When the air and steam are forced through tlic fuel by pressure, 
the producer is called a Pressure Producer; and when they are 
drawn through by suction caused by the suction strokes of the 
engine, the producer is called a Suction Producer. 

In general it may be stated that pressure producers are most 
suitable for high powers, suction jiroducers being specially 
suitable for low powers. 

'The simple theory governing both forms of plant can be 
expressed by the following equations 

C + 0, = C02.(1) 

CO 2 + 0 = 2c6.(2) 

In these reactions the carbon in the fuel first liurns to CO .2 
at the bottom of the fire, and then becomes reduced to CO as 
it passes tlirough the remainder of tlie lieatcd fuel. It is probable 
that some of the carbon does become first converted to COj 
and then reduced in this manner, and that some of the carbon 
monoxide is formed directly from the carbon in the manner 
indicated by the formula— 

20 + 0^ = 2C0. 


■ . (3) 
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The calorific value of/;arbon monoxide is about 10,200 B.Th.U. 
per pound, while that of carbon is about t4,5tX) B.Th.U, per 
pound, so that if no steam were used, the maximum possible 

efficiencv of the idant woulA apiiarently be i.e., about 

70 jier cent. 14,o00 

Part of the 30 per cent, apparently lost is utilised in decom¬ 
posing the steam : in this process the, following two reactions 
both occur 

(.:■! HjO ^CO-I .(1) 

C 4 - 2 II 2 O == CO, 4 - 2H,.(5) 

Ibiaction (1) takes place at temperatures above about 1,800° F., 
but at about 1,100° F. and under reaction (5) occurs. The gas 
obtained by equation (4) has a higher calorific value and the 
reaction absorbs more heat, so that the best results sliould be 
obtained in practice by working at the higlu-st temperature 
possible, under practical conditions. 

Dowson’s Analysis of Heat Reactions.- Mr. .1. E. IJowson, 
wdio invented the first of these plants, gave the following analysis 
of these reactions 

Taking weights equal to molecular in pounds— 

(' 4 0.^ CO^ I 170,000 B.Th.U. . . (1«) 

2C 4 ^ 200 4- 100,000 B.Th.U. . . (3rt) 

The former gives a gas having a calorific value of nbout 
119 B.Th.U. )ier cubic foot. 

Corresponding to equations (4) and (5), wc shall have— 

C-fHjO CO 4 H,-51,800 B.Th.U. (4«)' 
C 4 2H,0 =--= CO 2 4- 2112 - 33,000 B.Th.U. (5 m) 

The minus sign indicates an absorjition of heat. 

If the steam is admitted to the jiroducer in the form of water 
at about 00° F., approximately 1,120 B.Th.U. will be absorbed 
per pound of the steam, and this must be added to the figures 
given in equations {4m) and (5m). 

Equation (3m) shows that with 24 lbs. of carbon burnt 106,000 
B.Th.U. are liberated. Corresponding to 12 lbs. of carbon with 
equation (6m), we shall employ 36 lbs. of water, absorbing 
36 X 1,120 = 40,300 B.Th.U., so that, in all, 40,300 4- 33,600 
= 73,900 B.Th.U. are absorbed. 
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Pounds of water required to absorb all the heat of reaction 
, 36 X 106,000 „ ^ 

Tvl .g y 12 

Total amount of carbon burnt ^ 24 H-- - - — 41 *2 lbs. 

36 

51 *6 

• Pounds of wrfter required per pound of carbon ~ = 1*25. 

41 '2 


Theoretical Analysis and Calorific Value of Producer Gas. - 

From equation {3rt) we see that 21 lbs. of carbon produce 
2 (12 + 16) 56 lbs, of CO, and from the table on p. 127 we 

see that CO weighs -0784 lb. per cubic foot. 

56 

.-. 41-2 lbs, of carbon produce — 715 cubic feet CO! 

If the steam reaction follows equation (5«) we shall produce 
from 12 lbs. of carbon 48 lbs. of CO.^ and 4 lbs. of hydrogen. 


.'. we have 


48 _ 

■1225 


= 382 cubic feet CO, and - -= 715 cubic 

■U056 

- 24 ~ 17-2 lbs. of C are used for this reaction, 

. 382 X 17-2 ^ ,,, , 715 x 17-2 

we have--— 547 cubic feet CO,, and -- 

I • - “ 12 


= 1 ,026 cubic feet H,. 


36 


In reaction (3«) 36 lbs. of 0, are used corresponding -' 5 ,,,. 

■ '0806 


= 402 cubic feet, corresponding to which there will be 

= 1,510 cubic feet Nj. 

.'. Our analysis of gas becomes— 


21 


Cubic feet. Per cent. 


CO, . 

. 715 

18'8 

co^,, . . 

. 547 

14-4 

. . . 

. 1,025 

27-0 

N 2 , 

. 1,510 

39-8 


3,797 

lOO'O 


The CO will produce 56 X 4,320 = 242,000 B.Th.U., and the 
1 Y 17-9 V 59 500 

Hj will produce -r^--’— =301,000 B.Th.U., taking 

the “ lower ” calorific value for hydrogen. 
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• Altogether we have 641,000 B.Th.U. in 3,797 cubic feet of 
producer gas. 

541 (XM^ 

.-. Lower calorific value of the gas -- 3 ^'-<p' ” B.Th.U. 

Taking the higher calorific value for hydrogen, wc shall have 

for the hydrogen--= 352,O0(L giving a total of 

694,000 B.Th.U. 

.'. Higher calorific value of the gas — _ jgg B.Th.U. 

•1,797 

Requiremenls of Good Producer Plants. The efficiency of a 
gas proilucer is measured by the ratio of the heat unit.s in the gas 
produced to the heat units contaiued in the fuel gasified, and 
a high efficiency can only be obtained by giving attention to 
certain important factors in design and construction. 

Among the.sc may be enumerated :— 

1. Adcfjuati' but not e.vcessive grate area, giving a uniform 
and effective distribution of the blast to the fuel bed, the angle 
of incidence of the blast being adjusted to suit the diametiu' 
of the producer. 

2. \ deep bed of incandescent fuel of sufficient thickness to 
ensure a maximum reduction of the CO^ to CO, and the complete 
decomposition of the steam. 

3. .V layer of ashes supporting the mcande.seent fuel and resting 
on the bottom of the producer lute (not on the grate bars), thus 
preventing the escape of unburnt carboji into the water-seal 

4. Introduction of the, steam .saturated blast at a point where 
it comes into immediate contact with the mcaiide.sceiit find 
zone, without ])reviously jiassiiig through the ashes which tend 
to obstruct its passage— a jiractice which in some water-sealed 
producers causes cooling and condensation of the steam in the 
bla.st, and consequent deterioration in the (juality of the gas. 

6. Accc.s.sibility to the ash zone for the purpose, with clinki'ring 
fuels, of removing clinker. 

6. Facilities for evenly removing ashes from the water-.sealed 
bottom. 

7. Absolute continuity of ojieration, and uniforiiiity of quality 
and quantity of gas produced during the cleaning of the fire. 

8. Provision for the proper distribution of the fuel in the 
producer in order that the fuel bed may be maintained at an 
even thickness, thus avoiding blowholes, etc. 
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9. Disposal of the grate in such a manner that the greatest 
possible depth of fuel bed may be obtained without unduly 
increasing the overall height of the ]iroducer. 

10. Provision for the high superheating of the steam-saturated 
blast and the cooling of the lining 4f the producer round the hot 
incandescent zone. This is of the greatest importance in by(!- 
product recovery plant for high temperature furnace work 
wluuc gas of the highest heating value is required, along with 
the simultaneous recovery of the maximum amount of suljihate 
of ammonia. It is also of marked advantage in dealing with 
fuels of a highly caking tendency, and has resulted in the successful 
gasification of refractory fuels which could not be worked to 
advantage in other types of producers, 

Mond Pressure Producer. -The large type of pressure producer 
for use, with bituminous fuel was develo))ed largely by Dr. 
Ludgwig .\lond. 

Two principal tyjres of these iiressurc producers arc made; 
OIK' fitted with apparatus for recovering sulphate of ammonia 
from the coal distillate, and the one without such recovery 
ajiparatus. 

The illustration shows m diagrammatic representation a 
modern type of noii-recovery water-cooled gas jiroduccr |)]ant 
as installed by the Power-Cas Corporation, Limited, for gener¬ 
ating gas from bituminous producer coal of suitable grading, 
rjuality, and condition, for u.so in gas engines or for other pur- 
jioses where cleanliness eijual to gas engine practice is reipiired. 
The arrangoinciit of jilant shown is typical of units up to about 
1,100 B.lI.P. capacity, larger units being generally similar, 
hut having two or more producers, gas main connections between 
producers and washer to suit, and additional scrubber units. 

The plant may be considered as composed of two sections, 
the gas-generating section—comprising the producer and its 
accessories—and the gas-cooling and cleaning section- com¬ 
prising vertical static cooler and washer, centrifugal cleaners, 
and sawdust scrubber. 

The ])roduccr is of the central blast type with steel casing 
designed to sit on concrete foundations and dip into a water- 
lute, formed in the foundations, and from which the ashes can 
be removed evenly all round without interrupting the working 
of the jiroducer. The grate is conical in form, is built up of two 
or more C.I. sections, and provided with air slots. It is located 
concentrically with the producer shell, and is connected up 
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to the blast pipe which passes through the foundations to the 
outside of the producer. The lining of the producer is built 
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of special quality hrebricks and fireclay. The producer is fitted 
with a series of horizontal poke holes at about the level of the 
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air slots in the grate, and also with similar holes on the top, 
giving aoces.s to the whole of the fuel bJd, these top poke holes 
being fitted with spherical closers. 

A fuel hopper is fitted on the toji.of the producer, w'ith sliding 
cover and inner cone valve operi/ted by a lever and balance 
weight. The fuel in the hopper is di.schargcd into a fuel con- 
tainer-or inner Ifell, the top of which is provided with .suitable 
poke holes, and from this container, automatically on to the 
fuel bed, this method of charging ensuring a more constant 
quality of gas. The gas outlet branch is fitted on the side of 
the producer casing close to the top. 

/ A steel chequer-plate operating jilatform is arranged at the 
level of the top of the producer shell, with suitable ])rotccting 
hand-railing and ladder giving access from ground level. 

Fuel-handling plant is frequently included, and the type 
w'hich is usually recommended comprises a jiower-driven enclosed- 
bucket type elevator, lifting the fuel from a boot at ground level 
into a bunker, which is mounted on .sub.stantial supports over 
the producer, and fitted with a shutc furnished with lever- 
operated discharge valve leading dow'ii to the producer hojiper. 
Such an arrangement of fuel-handling plant is .shown in dotted 
lines on the illustration, but other arrangements are sometimes 
om|iloyed. 

The air blast for the producer is [irovided by a blowi-r of the 
steam-jet type, arranged so as to ensure a thorough intermi.xture 
of air and steam before the blast reaches the grate, but in some 
installations a steam-driven Roots or turbo-type bloivcr is 
included, the exhaust steam from the blower engine or turbine 
being led into the blast pi])e. 

Leaving the producer, the gas enters the cooler and washer, 
which is of patented design. This type of washer has proved 
to be efficient, and the absence of moving parts, together wdth 
the freedom from possibilities of blockage, make it a reliable 
apparatus requiring a minimum of attention, with no upkeep 
charges for labour and material for packing or filling renewals 
such as have to be met with in most other types of washer. 

From the washer the gas passes to the first of two centrifugal 
cleaners. These two cleaners are normally arranged to work 
in series, but, where desired, the requisite cross connections and 
valves can be added to enable either cleaner to be cut out of 
operation and bye-passed for purposes of overhauling should 
such be necessary. Each cleaner has a tar drain water-sealed 
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h) a liite in the foundation.s, and the gas delivery branch of the 
second cleaner is joined up to a .sawdust scrubber to the outlet 
of which tlic gas main leading to the gas engines, etc., is connected. 

The .scrubljer is a rectangular cast-iron bo.v fitted with wooden 
grids, on which are spread layers of wood chips, .shavings, and 
sawdust. The gas enters at the bottom, and [lassing up through 
the.se layers receives its final drying and purifienfion. 

The scrubber require.s very little attention, only needing to 
be cleaned out and refilled a few times per year, according to 
the load on the plant. A .special lifting arrangement is [irovided 
to facilitate the removal of the cover, and all the spent material 
taken out can be burnt under the- boiler, which provides the 
steam for the plant. 

The drains from the various jiarts of the plant arc run to the 
aettling tank, which takes the form of a concrete pit with iron 
or reinforced concrete partition jilatcs .so arranged as to keep 
back the tar and allow- only the water to run to the drains. The 
tar i.s then scooped or run off and disposed of in the most con¬ 
venient manner, either being sold, used for boiler-firing purposes, 
dehydrated, or distilled, according to the quality and quantity 
available and local conditions. 

The auxiliaries of the plants elevator and centrifugal cleaners 
—cau generally be most advantagcou.sly and economically driven 
by electric motors if electric .su|)ply is available, a direct or con¬ 
tinuous current being preferable to an alternatiiig-ourrent supply. 

Where roquireinents call for a minimum fluctuation in the 
pressure of the gas supply, an automatic governor can be added 
to plants in which a power-driven blower is installed. Such 
a governor would be of the gas-holder type, but of small capacity, 
and hence of negligible storage value. The bell of the holder 
is so arranged that, as it ajiproaches its toji position, it actuates 
a relief valve connected to the air blast main, reducing the blast 
supply to the producer when the gas make is in cxcc.ss of the 
requirements, and thus automatically controlling the gas pro¬ 
duction. 

In installations in which the gas geneiated is used to supply 
gas engines, and also to fire furnaces, it is advisable that a non¬ 
return valve should be provided in the, gas main to the furnaces. 

A suitable and sufficient supply of steam is required for blast 
saturatioti purposes; also a suitable and sufficient supply of 
cold water to the washer, cleaners, and producer lute. Where 
cold water is scarce, water-cooling and circulating plant may 

15 
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be installed, and a con.sidcrablo portion of the water required 
can be used over and over again. Suitable motive power for the 
au.xiliaries will also be required, in the form of electricity or 
steam. 

Some Data on Mond Gas Plants.^ The calorific value of Mond 
gas is from 135 to 110 B.Th.U. per cubic foot; when ammonia 
lias not been recovered from the plant a ton of good slack pro¬ 
duces about 110,000 cubic feet of Mond gas, the effect of the 
ammonia recovery being to reduce this figure by about 10 per 
cent. The heating value of the gas represents from 75 to 85 per 
cent, of the total heat energy contained in the fuel used for its 
production. 

About 00 cubic feet of gas per horse-power-hour is required 
with large gas engines, and the makers of the jilant claim that 
by using Jlond gas in gas engines a given ((uantity of fuel will 
produce two to three times tlic power obtainable from it with 
liigh-cla.s.s steam engines. 

“ National ” Suction Gas Piant. —We will now describe a 
typical suction gas jilant made by the National Gas Engine 
C'omjiany, Ltd., of Ashton-under-Lync. 

The consumption of these jilants jier I.H.P.-hour is about 
1 lb. for anthracite and l.J lbs. for gas coke. 

The plant consists essentially of a furnace- usually called 
the Genemlor- in which the fuel is burnt, and a long cylindrical 
vessel filled with dam]) coke through which the gas is passed, 
and consequently cleaned, on its way to the engine; this cylin¬ 
drical vessi'l is called the Semhher. 

When the gas-making plant is at work in conjunction with 
the engine, the general action is as follows :— 

(«) The engine draws its charge of gas from an e.xpaiision box, 
which is directly connected with the top of the scrubber by the 
gas main (2). The scrubber in turn receives its supply of gas 
from the gas outlet pipe (3), which connects the producer to the 
scrubber, and this outlet pijie is connected in such a way as to 
draw off from the producer the gas which is made through the 
partial combustion of the fuel in the furnace (4) of the producer. 

(h) It will be thus seen that every time the engine sucks in 
a charge of gas, the suction action is communicated from the 
engine through all the interior connections of the gas plant 
until it is felt right at the furnace of the producer. A definite 
air inlet is provided to allow the air required for combustion to 
be drawn into the furnace of the producer at each suction stroke 
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80 as to make additional gas to replace that drawn oft by the 
engine, and consequently the production of gas is quite auto¬ 
matic, and in accordance with the demand made by the engine, 
which in turn is regulated by ^ts governor. 



"N.^tional” Suction Gas rKoiiuci!ii 1 ’i.ant. 


(c) For the proper production of gas, and the good working 
of the producer, .steam must be mixed with the air passing to 
the furnace, so as to keep down the temperature of the latter, 
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otherwise the firebars will be burnt out, and the body of the 
generator cracked. ' 

(d) As the gas which comes ofE at the upper part of the producer 
is at a considerable temperature, it is used to vaporise the water 
required for the steam supply. In f^lie National plants, therefore, 
the air and steam supply is arranged as follows :— 

A jacket (5) i&>providod round the gas outlet pipe, and, under 
the suction effect of the engine already referred to, air passes 
in at the inlet (6) and, gradually circulating round the gas outlet 
pipe, is heated considerably before it passes into the vaporiser. 
The vaporiser is formed by the internal circular shell (7) and the 
external circular shell (8), an annular space e.xisting between 
them. The inner shell (7) is heated by the outgoing hot gases 
coming in contact with its interior, on which heat-catching ribs 
are cast. On its external surface a supply of heated water is 
continually fed and is evaporated by the heat of the surface. 
There is consequently an annulus (9) which is always kept full 
of steam while the plant is at work. 

(e) As soon, therefore, as the entering air, which has already 
been heated by its passage through the air jacket (5), reaches 
the vaporiser, it becomes saturated with steam in passing round 
the vaporiser on its way to the air and steam pipe (10). This 
latter accordingly feeds the space underneath the grate'with 
a mixture of air and steam, which duly pas.sc3 through the 
fire. 

(/) There are a few additional important details which are 
required for working the plant—namely, for starting the plant 
— i.e., before the engine is got to '.vork; the blow-off pipe (13) 
is then brought into action by opening the cock (l-t). This pipe 
is extended to the outside air, and the cock (M) is shut as soon 
as the engine is got to work. A water heating arrangement (15) 
is provided, which takes further advantage of the waste he.at 
in the outcoming gas from the ])roducer. Double valves (16) 
and (17) are necessary in the coal hopper, through which the coal 
is introduced to the inside of the producer. Valve (16) is kept 
closed while the lid valve (17) is open and the fuel is poured 
into the coal hopper. The lid vah-c (17) is then rcqJaced and 
the hopper valve (16) is opened, the fuel consequently drop¬ 
ping through. It 18 essential that no air should enter the 
producer when at work excepting in the apiiointed way 
through the ait supply pipe (10), and from thence through the 
fire grate. 
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(g) In connection wi{li the scrubber there is a seal pot (18), 
into which the overflow pipe (19) discharges the waste water 
from the scrubber, which is continually used whilst the plant 
is at work for cleaning and pooling the gas. This water is fed 
into the scrubber by the sprinkler pi|)o (20), and it is spread 
over the whole surface of the coke by the distributing dish 
( 21 ). 
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Lecture XfV. —Quest|on3. 

1 . Explain by the aid of sketches the action of a Bowson ?as plant. 
What is approximately the calorific value of the gas generated ? 

2. Outline some form of suction gas i^ant. State clearly particulars of 
fuel and approximate composition of %io gas and conditions affecting 
same. 

3. A producer gas has the following percentage analysis by volume:— 
H, 1C ; €0, 20 ; COj, 6 ; N, 58. Detenmno (a) its calorific value per cubic 
foot at standard pressure and temperature ; (fi) the minimum amount 
of air for complete combustion ; (c) the volumetric analysis of the products 
if combustion is complete. Calorific value of 1 lb. carbon burning to 
COj — 14,500, burning to CO = 4,400 ; of H = 62,000 B.Th.U. Com¬ 
position of air by volume, 0, 21 per cent. ; N, 79 per cent. Volume occupied 
by 2 lbs., H = 357 cubic feet at standard temperature and pressure. 

4 . A gas producer, furnislied with a steam jet, is working in such a 
manner tliat all the excess heat, caused by the combustion of the fuel 
in the presence of air to form CO gas, is utilised to cause a furtlier reaction 
in which the gaseous products arc COg and H. Determine the composition 
and yield of the gas per pound of fuel, if this latter is taken as having 
a oalorilio value of 8,140 C.H.U. {14,650 B.T.U.) ]>er lb. You may for 
purposes of approximate calculation assume that I lb. of liydrogeu occupies 
180 cubic feet, that the calorific value of CO is 100 O.H.U. (342 B.T.U.), 
and H 102 O.H.U. (291 0 B.T U.) per cubic foot, Also take air as having 
a composition of 20 por cent, by volume of 0, and that the water is supplied 
at 20° C. (08^ F.). 

6. The volume analysis of a producer gas is:—II, 14 per cent.; CH*, 
2 per cent.; CO, 22 per cent. ; COg, 5 per cent.; 0, 2 ])er cent.; N, .55 per 
cent. Find the air reciuircd for tho ]ierfcct combu.stion of 1 cubic foot 
of the ga.s. If 40 per cent, excess air is supplied, find tho volume analysis 
of tho dry products. Air contains 0 2' -9 per cent., N 72-1 per cent, by 
volume. 
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Lectuur XIV. -A M.Inst.C.E. Questions. 

• 

1. Explain with a sket<;}i the Morkiiiif of a suction pnxluccr. What 
is the object of iulniittitii: vapour witli the air? Describe any mctliotl of 
regulalinj' the vajiour supply. 

2. Describe with a sketch oi^ of the lollowinij:—(a) A suction ^as 
producer; (h) a pressure gas producer. Also stale the aiUautagcs of the 
type you describe. 

3. Describe by sketches and ex])lain as fully as ycJli can the principal 
features of one of the following :—(</) The construction and method of 
operation of any modem gas producer, or {!>) some type of large power 
gas engine. 

4. Give sketches showing the construction of a suction gas-jiroducer 
plant, and explain its action. What advantages does a suction produner 
possess over the pressure type of producer ? 



LECTUliK XV. 

THE DE LAVAL STEAM TURBINE. 

Contents. —Steam Turbines—Definition of a Turbine—Hydraulic and 
Steam Turbines—Reaction Turbine—Hero’s Steam Engine—Impulse 
or Kinetic Energy Turbines—De Laval Steam TiuLine—Conical 
Nozzles—Vcilocities of Outflowing Steam—Diagraniinatic Jilxplanation 
of the Sudden Changes in Fres.suro and Velocity in the Do Laval 
Nozzles—Arrangement of Nozzles—Moat Efficient Speed of Buckets 
—Example I.—Steam Consumption per Horse-Power for a Perfect 
Do I^aval Turbine—Stresses m the Material of a Turbine Wheel— 
Section of Small Wheels—Motliod of Balancing the Rotating Parts— 
Resistance due to Surrounding Medium—Example II.—Details of 
Turbine Wheel and Gearing for the De Laval Steam Turbine—Speed 
Reducing Gear—Lubrication of Bearings—Number of Steam Nozzles 
—Governor—Speed Variations-Results of Tests showing the Per¬ 
centage Savings in Steam when using Superheated Steam with 
Varying Loads—Various Applications—Questions. 

Steam Torbines.—The recent conspicuous successes of the De 
Laval and the Parsons Steam Turbines have revived public 
interest in the direct production of rotary motion, by means of 
the expansive properties of high-pressure steam, and taught 
engineers, that this—the first known method of its application 
—can compete successfully both in regard to economy and 
certainty of action with the best forms and designs of recipro¬ 
cating steam engines. Prior to 1885, steam turbines were 
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generally looked upon as merely interesting “steam caters/’ and 
chiefly useful for occtipying the time, the faculties, and the 
money of sanguine imaginative inventors! The successful intro¬ 
duction of dynamo machines, together with the rapid develof)- 
inent of electrical engineefing during the last decade of the 
previous century, with its (‘ver-increasing demands for good, 
higli-speed, direct-coupled steam engines, have^so stimulated tlie 
believers in “Me tdcnl rotary cngvie^” that, now tlio tide of 
scientific and practical opinion has turned, young engineers 
would do well to devote time and thought to studying the piin- 
ciples and action of the latest and best forms of steam turbines. 

Definition of a Turbine.— A turbine is a machine in tvhich a 
gradual change of the momentum of a Jluid is applied to produce 
the rotation of the motor. Water and steam are the fluids most 
commonly used for this purpose. 

Steam turbines in common with reciproc.ating steam engines 
arc heat engines, converting tlie calorific energy of the steam 
into meclianical energy. From another point of \iew tliey are 
analogous to hydraulic turbines, and form part of the general 
class called “turbo-machines.” With a knowledge of the theniio- 
dynamic properties of steam, and of the hydraulic turbine, it 
should be easy to follow with confidence, the design, construc¬ 
tion and action of steam turbines, provided the necessary 
wolfing coefficients for tlie calculations have been previously 
de»<-rmined. 

In turbines, the expansion of the steam can be carried to 
extreme limits, much more conveniently than in reciprocating 
engines, and hence the great advantage of employing condensers 
wbicli will give the best possible vacuum. On the other hand, 
the fluid friction and defective shunted leakage of the steam 
inenaase in proportion as the pressure is raised. From these 
two opposite conditions it will be seen, that for low steam 
pressures, turbines are more advantageous than reciprocating 
steam engines, while they generally consume more steam than 
the latter when the back pressure of the exhaust is equal to or 
higher ^lau that of the atmosphere. 

Hydraulic and Steam Turbines. — Water turbines form a 
special typo of enclosed hydraulic motor, which occupies less 
space, i.s more efficient, more easily governed, rotates at a greater 
speed, and is applicable to greater ranges of “ head ” or pressure 
than an ordinary water wheel. They are classified in several 
(litForent ways, depending upon the nianner in which their 
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respective special construction and action are considered. For 
example, we may divide them into (1) iu\^ard flow ; (2) outward 
flow; (3) parallel or axial flow ; and (4) mixed flow turbines.* 
Steam turbines may be conveniently divided into four types 
—(1) reaction; (2) impulse or actfon; (3) fall of potential or 
continuous expansion; and (4) the “multicellular" turbines, 
or a combination of (2) and (3). We shall now illustrate and 
describe one of each of these kinds of steam motors. 


(1) Reaction Turbine—Hero’s Steam Engine.—The earliest 
known use of steam for producing motion was in 130 n.c., when 
Hero of Alexandria, in Egypt, 
applied the flame from a fire as 
1 at F, to heat water in a cauld- 

ron C, for the purpose of 
generating steam and conduct- 
~ 'iZ ing the same by a pipe P, to a 

I globe 0, from which it then 

. ^ ■ issued by two oppositely directed 

t sg te. : I nozzles N,, Nj, fixed at right 

_angles to the axis of the globe 

jt' upon which it freely rotated, 

a The reactions due to the two 

V unbalanced pressures of the 

steam as it issued from thd two 
(S'— \n 7 ' nozzles, formed a “couple" 

which was capable of turning 
_ fh® globe at a very high speed, 
’’'’**'** little power for a 
great expenditure of steam. 
Consequently, this simple reac- 
il-1— *^1 _j fjgQ gf steam turbine has 

Fra. I.-Hseo’s Ehoine, 130 b.o. I)®®" successfully applied 

as a prime mover, although 
many persons have tried in various ways to adapt it to the 
driving of small light machines. 

(2) Impulse or Kinetic Energy Turbines.—In this- type of 
steam turbine, the heat energy of the steam is first converted 
into kinetic energy, and then so applied to the movable parts of 
the turbine as to produce and keep up continuous rotation. The 
second part of this action is similar to that performed by water 


•See the Author’s Ttxt-Book on Applied Mcchania and Mechanical 
lingineering, Vol. IV. on Hydraulics, Lecture V., for these kinds of 
turbines, 
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in turbines of the Pelton wheel class, although the first part does 
not appear in hydraulic motors. Water as used in turbines ii 
practically of constant density, volume, and temperature, wliereai 
the density, volume, and temperature of steam may be varied 
within very wide limits Water, in such cases, may therefore be 
regarded as having a constant weight per cubic foot, and hence 
the kinetic energy given up by each cubic fopt, depends solely 
upon its effective pressure. 

Now, although the weight of a cubic foot of steam is always 
small, still the freely-issuing steam has such a very high velocity, 
even at moderate pressures, that it is imbued with much greater 
kinetic energy than a cubic foot of water acting under the same 
pressure per square inch. For example, as shown by the cal¬ 
culation in the footnote, we see that when 1 cubic foot of steam 
at 35 lbs. pressure by gauge, issues freely from a pipe, it acquires 
the same kinetic energy as 1 cubic foot of water, also issuing 
freely from a pipe, under a pressure of 62 5 lbs. by gauge; 
although, the latter weighs 520 times as much as the former. 
Yet, because the steam turbine can liave a working velocity 
of 2,200 feet per second, whilst the water motor can only have 
that of 96 feet per second, due to its “liead,” their available 
kinetic energies are practically equal.* 

De Laval Steam Turbine.—The best and most successful 
exaftiple of the kinetic energy or impulse turbine which we can 
select for illustration, is that 6rst patented in this country in 
1889, by Dr. De Laval. About seven years previously, this 
inventor had brought out in Sweden a purely reaction type of 
turbine, somewhat after the style of the moving part of Hero’s 
engine, for the direct driving of cream separators. In this, his 
earliest fdrm, the rotating part simply consisted of a horizontal 
S pipe, which was freely hung by a spindle, fixed to the upper 

* Since 1 cubic foot of water weighs 62'5 Ibg., a vertical column of water 
of 1 square inch cross-section, and 144 feet in height, would occupy 1 cubic 
foot and cause a pressure of 62 5 lbs. on its I square inch base. Now, 
since v* = 2gh = 2 x 32 x 144 =s 96^, . •. the velocity of free issue v = 96 fees 
per second. Again, referring to the Steam Table in Lecture VII. of this 
book, we see that 1 cubic foot of steam at 50 lbs absolute or 35 lbs. pres¬ 
sure by gauge, weighs 0‘12 lb., and from experiments or calculations of the 
energy in this volume of steam, it is found that the working velocity of 
outflow may be 2,200 feet per second. Hence, wo can make the following 
comparison of the kinetic energy of I cubic foot of water and 1 cubic fool 
of steam at the aforesaid pressures:— 

Kinetic energy of 1 cubic foot of\ _ ^>2-5x 9G* _ ^ aaa/ i. lu- 

water at 62'6 lbs. per square inch / “ 2 x 32 it.-lDS. 

Kinetic energy of 1 cubic foot of\ _ Wu^ ^ 0'12x 2 ,200^ _ ^ (t.-lbs 
steam at 35 lbs. per square inch / 2^ 2 x 32 



LECTURE XV. 


236 ' 


and middle balanced centre of tliis pipe. Steam from a boiler 
passed into a hole on the lower side of the S pipe, immediately 
opposite the centre of motion, and passing along the bends in 
each direction it issued from the open ends, thus causing the 
bent pipe with its spindle and the cream separator connected to 
the latter, to revolve at a high sj>eed, in the same manner as the 
old “Scotch Barker’s Mill” water turbine. The low efficiency 
and small power obtainable from this primitive, simple arrange¬ 
ment, however, led De Laval to devise the present ingenious 
and interesting form of impulse steam turbine, which is now 
made in this country by Greenwood Batley, Limited, of Leeds, 
to wliom I am indebted for the following illustrations. 

The accompanying figure shows 
four diverging nozzles with one 
cut open, to graphically exhibit 
the action of steam blowing or im¬ 
pinging upon the concave vanes, 
formed around the periphery of 
the turbine wheel. The shape of 
the interior of the outer ends of 
these nozzles is such, that the 
steam expands from their throats' 
to tlieir points in such a way as 
to obtain as complete adiabatic 
expansion as possible, and thus 
directly convert static heat energy 
into kinetic energy. This kinetic 
energy of the steam jets is there* 
fore directly imparted to the 
little buckets of the turbine 
wheel, and thus causes the same 
to rotate at the very great work-. 



Fio. 2. —Snowi.so the Action of 
Steam in De Lavai.’s Tur¬ 
bine Wheel. 


ng velocities shown in the following table:— 


Speeds of Db Laval Turbine Wheels. 


Sites of Turbine. 

Middle Diameter 
of \Vhcel. 

Revolutions per 
Minute. 

Peripheral Speed. 

H.P. 

.Mm. 


Ins. 


Feet per second. 

5 

100 

or 

4 

30,000 

515 

15 

l.^O 


6 

24,000 

017 

30 

225 



20,000 

774 

60 

300 


iij 

16,400 

84C 

100 

500 


19$ 

13,000 

1,116 

300 

760 


30 

10,600 

1,378 
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The steam, after performing its work on tlie wheel, may be 
allowed to exhaust into the air. But, when a convenient supply 
of condensing water is available, ■ the power, efficiency, and 
economical working of the turbine is greatly enhanced by con¬ 
necting it with an ejector condenser. This form of condenser 
has been found equally applicable to small as well as to large 
motors, which is not the case with the more expensive and 
complicated air pump and condenser. 



A P C 


Fio. S.— Sectio* or the Db Laval Steam Nozzle. 

Conical Nozzles.—As has just been mentioned, a very high 
velocity of the steam is obtained by passing it through specially 
shaped conical nozzles. In these nozzles the steam is expanded 
from its original pressure down to that in the casing in which 
the (turbine revolves. The accompanying Fig. 3 shows a longi¬ 
tudinal section of a nozzle drawn to scale as first bored and 
reamed out to the shape shown by the dotted lines at the nose. 
This nose is then cut to an angle of 20", as shown by the full 
front inclined line on Fig. 3, and also by Figs. 2, 4, 5, and 8. 
The nozzle is intended for an initial steam pressure by gauge 
of 200 lbs. per square inch and a vacuum of 28 inches; which 
means, that the steam is ex|)anded in the nozzle from 216 lbs. 
absolute down to -93 lb. absolute. During this expansion the 
steam (which leaves the nozzle as a cylindrical jet) attains a 
very high velocity. Extensive calculations have been made 
and experiments have proved, that if the steam is expanded 
adiabativally inside the nozzle, the whole of its potential energy 
is converted into kinetic energy, and the energy of this steam is 
absolutely the same as if it had been expanded in the cylinder 
of an engine. 

Velocities of Outflowing Steam.—The kinetic energy of any 
moving mass is expressed by the well-known formul© 

„ Wu2 
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Where Energy of kinetic form in ft.-lbs. 

„ W = Weight of the mass in lbs. 

V = Velocity of the mass in feet per second. 

And, g = The acceleration of gravity in ft. per sec. per sec. 

Now, suppose W to be 1 lb. of dry saturated steam of an 
absolute pressure p, lbs. per square inch, and that it is expanded 
adiabatically in S De l.aval nozzle down to a pressure pj lbs. 
per square inch, the following equation is obtained :— 

( Heat energy at pres-] (Heat energy atl I’Kinetioenergy, Ks, atl 

sure Py lbs. per sq, i = ] pressure p, lbs. ]• + i pressure jq, expressed [■ 

inch J [persq. inch J tin heat units j 

Or, which is the same thing ;— 

( The kinetic energy, Ex, 1 fHeat energy atl f Heat energy at pres-l 

at pressure Pj, ex-j-^-l pressure p, lbs. J---j sure pj lbs. per sq. j- 
pressed in heat units ) fper sq. inch j [inch J 

If Hj and be the heat energy at pressures pj and pj lbs. 
per square inch respectively, when expanding adiabatically, and 
3 the mechanical equivalent of heat, then, since Ej = W 
and since W = 1 lb., we get, Ek = 1 x v^/2g = v^jig. 
Or, V2yEu 

But, Dy Lee. XIII., Vol I., the kinetic energy Ek or total work 
to be gut out of eadi Ih. of steam, must equal tlie heat-energy in 
the same; or. Eg = J (Hj - Hj) ft.-lbs. Hence, substituting 
this value of E^ in the above equation, v \/2g'E^; we get— 

The velocity of the 1 ^ ^ ^2^ j - H.). . (I.) 

outflowing steamy j if \ i \ / 

Consequently, every pound ol dry saturated steam which 
issues from a boiler through a smooth, rounded circular hole 
and then expands adiabatically, is imbued with— 

The Ztneiic Ek “ eT = ^ 2 °) + ^i~ ^ 

Where, x »= The specific quantity or dryness of steam* in I lb. 
of the fluid. 

J, i* a Temperature of the initial steam at pressure 
absolute, from Table 11., Vol. I. 

*If the student refers back to Table II., Lecture VII., and to Lectures 
IX., XL, aud XIII., Vol. I, he will see how— 

Hj —Sj + Lj and Hj^Sj + icLj. 

Or, Hi = ij + L| ,, Hg=^34•^rL2. 

«Hi ~ Hj=< i + Li - {tf + aiLj) • {<1 - ^j) + Lj - xJj%. 
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WliCre, = Temperatt^re ol tlie exhaust steam at pressure p^ 
absolute, from Table II. 

„ Lj = Latent Heat of steam at pressure p^ lbs. absolute^ 
from 'fable II. 

,, L, = Latent Heat ctf steam at ])ressure p., lb.s. absolute, 
from Table 11. 


As stated in a previous lecture, the internal heat depends upon 
the dryness fraction of the steam, consequently the calculations 
are made on the basis of constant entropy during its adiabatic 
expansion. It has been proved by experiments, that it is only 
when a certain ratio exists between the steam pressures p^ and 
P 21 that the maximum amount of steam flows through a con¬ 
verging nozzle; and, further, that this maximum flow always 
takes place if these circumstances exist This ratio for saturated 
steam is— 

^ = 0-577 ; or, - 0-577 x p,. 

Vi 

If, for instance, we Imve dry steam at an initial pressure 
p, = 215 lbs. absolute, at the inlet A, as shown by Figs. 3 and 4. 

And, if the percentage of moisture by ) _ q 
, weight in the steam | 

„ if the specific quantity of the steam = 1 lb. 

„ if the specific volume of the steam = 2-11 cub. ft. per lb. 


Then, at the line B, which is drawn at the throat or smallest 
section of the nozzle, we will obtain from the above equation— 

The pressure pj = -577 xpj = -577 x 215 

= 125 lbs. pressure absolute. 

Now, due to the change in the steam from mere potential 
energy at A to that of partial kinetic energy at B, we find— 

The percentage of moisture by weight 1 ^ 

in the 6team . ... f ^ 

The specific quantity of steam . . — *96 lb. 

The specific volume of steam . . ** 3*5 cub. ft. pep IK 

The velocity of steam . . . . ~ 1,500 ft. per second. 
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Further, if at the largest section, G, where the steam leares 
the nozzle, we get— 

The pressure. 

The percentage of moisture by weight 
in steam ..... 

The specific quantity of steam 
The specific volume of steam 
Velocity of steam .... 

It will thus be seen, that the object of the diverging part of the 
nozzle is to further expand the steam. For this initial steam 
pressure and vacuum the propoi tion between the areas of the 
smallest and largest sections of the nozzle< should be as 1 to 
27’23. If the nozzle be properly constructed, the steam leaving 
it has the same pressure as the surrounding medium, and as no 
further expansion takes place it must leave the nozzle in a 
cylindrical jet. This jet impinges on the vanes of the turbine- 
wheel placed before the nozzle, and, as the radial length of the 
buckets is always a little larger than the diameter of the jet, 
ail the steam leaving the nozzle must pass into and out of the 
buckets. 

Diagrammatic Explanation of the Sudden Changes in Pressure 
and Velocity in the De Laval Nozzles.—Since the sudden fall of 
pressure and temperature of the steam, when travelling such a 
short distance into the nozzle, appears to be more or less of a 
paradox to young engineers, the following diagram and explana¬ 
tion have been reproduced from the Proceedings of the Institution 
of Engirieers and Shipbuilders in Scotland, as given therein by 
the author at the discussion on the De Laval turbine. This 
explanation was put forward with the view of trying to explain, 
not only the sudden fall of pressure near to and in the throat of 
the steam nozzle of the De Laval t\irbin6, but also the further 
fall of pressure along the conical part to its mouth. The full 
line curve represents the natural loss of pressure in dry satu¬ 
rated steam as it expands in accordance with Professor Kankine’s 
well-known formula, = a constant; where p is the pressure 
in lbs. per square inch absolute, and v the corresponding volume 
in cubic feet per lb. of steam. This curve may be drawn by 
students to a large scale, from 475 lbs. per square inch—at 
which pressure, 1 lb. of the steam occupies 1 cubic foot—down 
to 1 lb. absolute, at which it occupies 330 cubic feet. But, in 
the reduced figure, it only includes the range of pressures 
specially mentioned in this example. The dotted line represents 
an adiabatic expansion curve topv^ = a constant, from 215 Iba, 


■93 Ib. 

= 21 per cent. 

= -76. 

= 256 8 cub. ft. per lb. 
-=4,127 ft. per second. 



St PRESSUnES tft US8 OM THE SQUARt iNCH 




RXrANSION OP STEAM IN DK LAVAL NOZZLE. 'J4 

I I 




200 - i 

I I 

ISO - A B C 


COMPARISON OF DATA AND CURVE FRQM 
THE OE LAVAL TURBINE WITH THE 
NATURAL EXPANSION CURVE FOR DRV 
SATURATED STEAM 

By Proyessor Andrew Jamieson. 

NOV. 29TH. 1002. 


ornodygsj/;! 

^ 'o'ncliSCOfL PRESSURE PER 8Q IN 

'I IN L89 ABSOLUTE. 


PO ABOVE ATMO. 


PCR CENT. MOISTURE 


VOLUME OR STEAM «N ) 
Ca AT. PER L6. / 


velocity in Fli PER) 
SECOND i 


AT AT AT 

SECTION A SECTION B SECTION C 


~'\V^ 


The slack line curve_represents the 

EXPANSION CURVE OP ORV SATURATED STEAM TO 
pv CONSTANT 

THE DOTTED LINE CURVE_REPRESENTS THE 

ADIABATIC EXPANSION OF STEAM AS PER THE ABOVE 
DATA IN THE OE LAVAL TURBINE STEAM N0Z2LS 

TO /> V y* constant 


Sa/u^atea 

^p/'ST&r 


*natS6 e Ci^ 





242 


LECTURE XV. 


absolute at A, before entering the nozzle, down to 0*93 lb. at C, 
where it occupied 256*8 cubic feet, and leaves the nozzle with a 
velocity of 4,127 feet per second with 24 per cent, of moisture. 
This curve passes through the point,B, where the steam occupies 
3*5 cubic feet, and has 4 per cent of moisture, with a velocity of 
1,500 feet per second. Now, it is evident from this curve, that 
if the 'potenfial energy of each lb. of static steam at A has been 
so far converted into kinetic energy at B, that its velocity is 1,500 
feet per second, and contains 4 per cent, of moisture, with an 
increase of volume from 2 11 cubic feet at A to 3*5 cubic feet at 
B, it must of necessity have falhm in pressure from 215 to 125 
lbs. absolute pro.ssure in doing so! This is in strict accordance 
with the natural law for tlic adiabatic expansion of steam. The 
temperature of tlie steam must also fall from 382° Fall, to at 
least 340“ Fah. in this short passage, and must thereby loose 
‘potential energy duo to friction and increased velocity. This 



accounts for its expansion from 1 lb. of dry saturated steam at 

A, to that of slightly moist steam at B, with a corresponding 
and natural loss of pressure and temperature due to the partial 
transformation of its potential energy at A, into kinetic energy at 

B, with the certified velocity of 1,500 feet per second. All 
the references to steam injectors and to ejectors, (kc., as found in 
some books and papers, do not help the student to arrive at a 
reasonable solution of this problem. The simple fact remains, 
that steam has been proved to undergo such changes, and when, 
these are coupled with a reference to the adiabatic curve of 
expansion, they seem quite sufficient to account for the sudden 
drop in pressure up to B. Also, the further increase of volume 
and velocity down to its entry into the turbine-wheel buckets, 
with almost all its potential energy and expansive properties 
taken out of it—when viewed by aid of the adiabatic curve—-is a 
clear and complete solution of tliis^ to some* an apparent paradox- 
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Arrangement of Nozzles. —Having arrived at the kinetio 
energy of the steam' the next point is to arrange that the 
largest possible amount of this kinetic energy shall be utilised 
by the vanes of the wheel for the production of mechanical ^ 
energy. In the De Laval'turbine, the nozzle is placed at an 
angle of 20° to the plane of rotation. This is shown by the 
accompanying 6 gure, and there is a spac^ of only inch 
between the face of the nozzle and the buckets of the wheel. 
Consequently, there is no loss of velocity in the steam jet 
between its leaving the nozzle and its entering the buckets of 
the turbine wheel. 

Most Efficient Speed of Buckets.—The most efficient speed 
for the buckets is clearly that speed at which the steam will 
leave them at the lowest relative velocity. Tho maximum 
efficiency is obtained when the peripheral speed of the turbine 
wheel (i.e., the linear velocity of the buckets), runs at 47 per 
cent, of the velocity of the outflowing steam, when the angle 
between the nozzle and the plane of rotation of the wheel is 20 °. 
The absolute velocity of the steam leaving the buckets is then 
34 per cent, of its initial velocity, and since the kinetic energy 
given up by the steam is proportional to the square of the 
velocities, we get— 

« 2 _ „ 2 1002 - 342 

4rhe efficiency, i| = ——— = 88 per cent. 

Where, u, = Velocity of the steam impinging on the blades 
or vanes of the turbine = (s.ay) 100 . 

And, Vf = Velocity of the fluid when leaving the ring o) 
vanes = 34, as compared to o, = 100. 

This means, that when a wheel is running at 47 per cent, of 
the velocity of the outflowing steam, 88 per cent, of the total 
kinetic energy of the steam is absorbed by the turbine wheel for 
the production of mechanical energy. 

The best speed for any De Laval wheel can be easily calculated 
from the above rule. In the nozzle of the previous example, where 
the steam pressure was 215 lbs. per square inch absolute, the 
vacuum was 28 inches or ’93 lb. absolute, and the velocity of the 
steam jet 4,127 feet per second, from which we get the correct 
speed of the centre line of tho buckets to be (Fig. 4 and p. 244)— 

V, X 47 per cent. = — = 1,940 feet per second. 

This tremendous speed is about 22| miles per minute, and is 
far too high for any practical purpose at present. Moreover, it 



Velocity of Outflow, Kinetic Energy and H.P. ouTAiwABiE from Dui Saturated 
Steam with the De Laval Turbine. 
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obtained from the same quantity of dry steam when exhausting into a condenser with a good vacuum, as 
4he result obtained when exhausting the steam directly into the atmosphere. 
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can onl; be attained in a machine like the De Laval turbine, 
where the wheel revolves quite freely in its casing, and where 
there are no rubbing surfaces or steam-tight joints to contend 
against. The highest speed yet made use of is about 1,380 feet 
per second, in the case of the 300 H.P. De Laval turbine (p. 236) 
When any fluid, such as wet, dry or superheated steam, air or 
any other gas expands adiabatically from a vessel at pressure p, 
lbs. per square inch (wherein it has no velocity), into a place 
wliere its pressure is lbs. per square inch, then we can find 
the work which it would do if admitted to an ordinary cylinder 
with piston, but with no clearance, when expanding adiabatic¬ 
ally to the same final pressure p^. We know that for each 1 lb. 
of the fluid the work done by it is equivalent to its change from 


potential to kinetic energy, or 


2? 


It is also equal to the 


number of B.T.U. given up by the steam during its adiabatic 
expansion multiplied by Joule’s equivalent. 

Hence, from the previous equations (I.) and (II.) in this 
lecture and the above, we get— 


W 

Ek = J(PI,-H,),= J {(«,*-0 + E,-aiLJ. 

Where W = 1 lb. and v = Jig] (II, - Hj), we get— 

* 72 yJ = j2TW2Vfi8 = 224. 

« = 224 7(11, - H,) feet per second. 

Or, V = 224 7(f,” -/j”)-l-L,-ajL, feet per second 


Example I.— Find the velocity with which dry saturated 
steam of 215 lbs, absolute issues from a boiler into a De Laval 
nozzle, wherein it expands adiabatically to a terminal pressure 
of 1 lb. per square inch. Here let the dryness fraction = '76 at 
the point of discliarge from the nozzle upon the turbine buckets 
— i.e., let the steam have 24 per cent, of moisture, or all exactly 
as in the diagram. Fig. 4. 

Keter.'ing to the above equation and to Table II., Lecture 
VII., Vol. I., for the various known values, we get— 

< 1 ° = 387-7, = 102, L, = 838-9, and xL, = -76 x 1,043, 

Hence v = 224 7(t," - t.,°) -p L, - x Lj. 

Or e = 224 n/(387-7 - 102) + 838-9 - (-76 x 1,043), 

.•. V = 224 7332 = 224 x 18-2 = 4,076 feet per second. 

Whereas, v = 4,127 in the facing table, issued by the makers of the 
De Laval turbine, or only 1 -3 per cent, more than our calculation. 
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Steam Consumption per Horse-Power fo/ a Perfect De Laval 
Turbine.—If, for instance, th^ speed of the steara entering the 
buckets of the turbine wheel bo 4,000 feet per second, the speed 
of the steam leaving the buckets shojild be 1,360 feet per second, 
and the horse-power per lb. of steam— 

4,000'''- 1,3602 
2 <7 foot-lbs. per second 2 r; x .^DO x 3,600 
And the steam consumption per U.P.-hour would be— 

2? X 550 X 3,600 _ 

4,000-'i -1,3602 - “63. 

Stresses in the Material of a Turbine Wheel.—The stresses 
in the rotating materials (moie especially those due to centii- 
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fugal force), ure much greater than are usually met with in 
practical engineering. To give some idea of the magnitude of 
tlieae stresses, it may be mentioned that in the 300 H.P. turbine 
the centrifugal force caused by each bucket weighing 25'D grains 
is 15 cwts., or 47,000 times the statical stress produced by the 
mere weight of the bucket, wlien the wheel is revolving at its 
normal velocity 1 The tangential stresses also increase towards 
the hole through tlie ceutie of the wheel. To avoid this, the 
larger sizes are made solid without a hole through tlieir central 
boss, but the shaft is made in two pieces and fixed to the wheel 
by flanges and screws, as shown by Fig. 7. To withstand the 
centrifugal stresses the wheel is made of a solid disc with the 
buckets dovetailed around its circumference. 









ascrrioN ot small trnKKLS. 


2 i 7 

Soction of SniEdl Wheels.—The stresses in the wheel are tan* 
geiitial and radial. Consequently, if we call the radial stress 
R, and the tangential 8t^e^s T, it will be evid<-nt that both R 
and T, increase with the radius, and are greatest at the circum¬ 
ference of the wheels. Fuither, these stresses dep<-rid on the 
axial thickne.-)S of the wlieel in each place, and they aNo affect 
one another. It will be seen from tlic diagram (Fig 6), which 
shows the stresses in a wheel for a 50 H P. stenru turbine, that 
the wheel is so constructed that both stiesses K and T have 



F,q. 7. —Sections Showing Arra-noemknt of 'J'uhiune Wmeklu. 


their largest value at the circuinfeioncc of the wheel, just where 
the buckets arc fixed Hence, the wheel i.s not made of uniform 
strength, but is strongest at the centre which is the lieavicst 
part.” The various cross sections of the wheel are theroiorc so 
proportioned to meet the case Consequently, for tJie weakest 
part of the wheel, where the buckets are fixed, a recess is turned 
in the outer portion of the wheel, so that if it siiould i^urst from 
an excess of speed, it would give way at this recess, and the 
vanes would become detached, when the wheel would stop 
rotating. The vanes are so light that no damage would ensue. 
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In designing a turbine wheel, a certain coefficient of safety ii 
used, and Hxed stresses in the material at different diameters of 
the wheel are adopted. These stresses are so proportioned that 
breaking would take place if the wheel was run at about double 
the number of revolutions require<i;in actual work. 

Method of Balancing the Rotating Parts.— The groat difficulty 
hero is, that no matter how carefully the disc is balanced when 
in a state of rest, its centre of gravity would not identically 
coincide with the geometrical centre round which the wheel 
revolves. At a very high speed this would cause such severe 
vibrations, that no ordinary bearing.? would be able to withstand 
the stresses arising therefrom. This difficulty was overcome by 
using a flexible shaft. On account of the very high speed of the 
wheel, a shaft of very small diameter is sullicient to transmit 
the power. The bearings supporting this shaft are naturally 
fixed at a considerable distance on each side of the wheel to give 
tho shaft freedom. The vibrations, however, increase with the 
speed up to a certain point, which is called “ the critical S])eed of 
tlie wheel,” at which speed they suddenly disai)pear, and the 
wheel settles down and runs perfectly smoothly in its bearings. 
This phononienon is known as the “settling ot the wheel,” and 
it is caused by the wheel rotating at the slower speeds round tho 
geometrical centre, but when it roaches tho “critical speed” the 
shalt bends a little out of tho geometric centre hne; j^hus, 
the wheel automatically begins to rotate round its true centre of 
gravity.* On account of the flexibility of the shaft, and the 
extreme accuracy of the turning and balancing of the wheel, this 
settling takes place at from J to -J- of the maximum normal 
running speed of the wheel. In fact, in the modern turbines, 
this effect is hardly noticeable, as all the revolving parts of the 
turbine are most carefully balanced, by the parts being mounted 
on the shafts with tapered centres. 

• The reason for the above phenomenon cannot be scientifically ex¬ 
plained, but assuming, as is very probable, that the settling of the wheel 
occurs when the numhor of revolutions per minute is equal to tho number 
of vibrations which tho shaft makes with tho wheel mounted upo^; it, then, 
the critical speed can be calculated, and it is found to be— 

Where N = number of revolutions per minute. 

F = the force required to bend the shaft a certain distanoo. 

W = the weight of the turbine wheel. 
k = constant. 

This formula seems to correspond very closely with the results obtained 
by actual testa. 
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Resistance Due to Surrounding Medium.—From the very 
beginning of exporiine^its with this turbine, Dr. Do Laval iound 
it necessary to adopt very high speeds if tlie machine was to be 
constructed on the “action" pnncijile. A high linear velocity 
of the buckets of tlie power-wlieel of tlie turbine, is only 
to be obtained either by using a small wheel running at a great 
number of revolutions, or by employing a larger wheel running 
at a comparatively slower speed. There are, luAvever, two points 
to be taken into consideration in the question of wlu'cls or 
bodies revolving at a high rate of speed. One is the strength of 
the material ot which the wlieel is to be constructed, and the 
other is the resistance of the surrounding medium to the motion 
of the wheel due to surface friction. Another matter of equal 
importance is the bulk and weight of the machiiu'. It is found 
that the resistance of the tuilnne wheel inenases nn>re rapidly 
with the diameter of the wheel than with the number ot revolu* 
tions, and for this reason, and on account of the bulk and weight, 
small wheels running at high .speeds are used for machines ol 
small power, and larger wiieels running at a niodilied speed for 
larger turbines. As the question ot economy is becoming of 
more importance, the size of the wheels and also the number of 
revolutions in the larger unit of machine are so proportioned, 
that with the increasing size of the units the velocity of the 
van%i of the wheel apjiroach more closely to what it ought to be 
from a theoretical point <»f view. The resistance to wliioh the 
revolving wheel is subjected from the surrounding medniin 
depends partly on the skin friction, and paftl\ on churning or 
ed‘ly making. It is found in practice that this resi.slance is 
almost exactly proportional to the density of the surrounding 
medium, and that it increases approximately with the fifth 
power of the diameter and the third power of tlie number of 
revolutions. It will bo evident that the thinner the medium 
which surrounds the wheel the less will l>o the resistance oll’ered 
to its motion. The resistance is less in dry saturated .steam 
than in air of the same pressure, and it decreases as the vacuum 
becomes more and more perfect; also, the lesistance is less in 
superheated than in saturated steam, and it decreases with the 
amount of supei heating. 

Example II,—A 150 H.P. turbine wheel is subjected to a 
resistance of 35 H.P. when running in steam of one atmosphere 
(or 30 inches of mercury absolute pressure), but if run m a 
vacuum of 28 inches (2 inches of mercuiy absolute pressure), the 
resistance will be decreased in about the same proportion. 

Or, 30' : 2' : : 35 H P. 1 X H.P. 2^ H.P. 
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This is a gain of 32| H.P. The velocity of the steam jet issuing 
into a vacuum is, moreover, higher than the velocity of outflow 
into the atmosphere, and botli the above circumstances make it 
essential that turbine machinery should be run under as good a 
vacuum as can be maintained. 

Speed-Reducing Gear.—The best s])eods of these wheels for 
economy and efliciency of steam are far too ^reat for direct 
coupling to ordinary machines, and, therefore, it is necessary to 
reduce the same to speeds generally in use. Tliis is done by 
means of double lielical gearing. The pinion is made of very 
hard steel, while the teeth on the large wlieel are of softer steel. 
The speed of the gearing—that is, the linear velocity of the 
teeth—is about 100 feet }»cr second. 

In the small size turbines there is only one gear wheel (Figs. 
8, 9), but in the larger sizes there are two—one wlieel being on 
each side of the pinion—with, of course, two low speed shafts, 
which prevent any great side pressure on the high speed shaft, 
as shown by Fig. 10. The gear is geiuTally arranged for a 
reduction of 10 to 1, and works very well. In the larger sizes 
it is accompanied, wiien working, by a dinging or hissing noise, 
to winch there is little objection. 

What may be the life of tliis gear is not yet known, but it 
must be great when lubricated with good oil, since after four or 
five years regular working it is impossible to see any signs of 
wear. In one or two of these turbines tlie only signs of wear 
after a few months work were, that the driving side of the teeth 
had a better polisli than tlic other side. 

Lubrication of Bearings.—Tlie liigh spee<l bearings are usually 
lubricated with sight feed lubricators, while the low speed shaft 
bearings are lubricated with the now universal ring system of 
oiling, as shown by Fig. 9. 

Number of Steam Nozzles. —Small turbines are fitted with 
only one steam nozzle, but tlie number is increased in proportion 
to the size of the turbine. Each nozzle has its own stop valve. 
Consequently, if the turbine has to deal with a light load, one or 
more of che nozzles can be turned ofl‘, so that the remaining 
nozzles may work at their best efficiency (see Figs. 5, 8, 
and 10). 

The Governor. —The governing of these turbines is effected 
by means of a very simple type of centrifugal governor, and is 
attached to the end of the low speed shaft. The two balls or 
expanding parts are supported on knife edges, and work with 
very little friction. The centrifugal action of the governor balls 
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forces out a central jiin, whicli presses on a lever, and thus 
actuates the governor valve. 

Speed Variations. —De Laval turbines work with any steam 
pi'essuro between 50 and 200 lbs. square inch, wlion exhausting 
either into the atmosphere or into a oomlenser. The only change 
required for doing so is in the nozzles, which are interchange¬ 
able, and are 8liaj)cd (liHerently for the dillcrenj;; pressures, and 
according to the amount of expansion of the steam. Some¬ 
times turbines are fitted witli two sets of nozzJe^—ono set for 
discharging into the atmosphere, and one set for exhausting into 
a Condenser vacuum. 



Fio 10.—Onb lieNDRHD HoasK-i'owK.u Dk Lwai- Dvnamo l’r.>\NT. 


The !)b Laval Patknt Steam TtfRitiNK. 
hiihx to Parln in I'vj .9. 


A for Steam stop-valve. 

B ., Cover for steam chest. 

C ,, Steam sieve. 

D ,, Governor valve. 

E ,, Steam chest. 

F ,, Turbine wheel. 

G Gear-wheel and pulley shaft. 
H Pinion. 

J ,, Gear-wheel. 

L ,, Vloxiblo shaft. 

,, Belt-pulley. 


N for Lxliaust. 

(1 ,, Cover for tnrbine-case. 

P ,, laibricator for ball-bush. 

R ,, Exhaust passage. 

S ,, Tightoning-bush on flexible 
shaft 

T ,, Gear-case. 

U ,, Lubricators for gearing. 

\ ,, Drain-cock for steam chest. 
X ,, Centrifugal governor. 

Y Z ,, Safety bearings. 


204 


tBCTIJBB XV.' 


Resolts of Tests.—The velocity of the steam when leaving 
the nozzles increases with the initial pressure, but as wO have 
already seen the greatesf gain in velocity is obtained by 
exhausting into a high vacuum. For example, referring to table 
on p. 6.30 in this lecture, wo see,*that with an initial pressure 
of 100 lbs. by gauge, and exhausting into the atmosphere, the 
velocity is 2,717 feet per second; whereas, when exhausting 
into a 28-inch vacuum it reaches 3,871 feet per second. This 
means, that with a 28-inch vacuum there is a saving of nearly 
60 per cent, in the steam used, because in each case the kinetic 
energy varies directly as the square of the velocity of impact 
of the steam on the turbine wheel. Superheating the steam is 
'advantageous to the turbine, as it gives the steam jet a higher 
velocity, thus increasing the kinetic energy of the steam, and 
it also diminishes the resistance to the rotation of the turbine 
wheel. Any degree of superheating can be used with De Laval 
turbines, as the highly superheated steam does not come into 
-direct contact with the moving parts of the machinery. By the 
time the steam reaches the chamber in which the turbine wheel 
revolves, it has already attained the pressure and temperature 
of the exhaust steam. It has been found from the results of 
tests that not only the steam consumption, but also the heat 
consumption in B.T.U. per H.P.-hour are lowered when the 
turbine is driven with highly superheated steam, as «hown 
by the following table ;— 

Table showing the Percentage Savings in the De Laval 
Turbine when using Superheated Steam for Loads 
Requiring the full use of Right, .Seven, and Five 
Nozzles Respectively. 


No of Nozzles 
open. 

J* set- 
3 3 O 

5 « a 

S ?? 

Vacuum ID 

Inches 

Amount of 
Superheat at 
Governor Valve. 

B.H P. Load with 
Superheated 
bteau). 

B H.P. Load with 
Saturated Steam. 

Lbs. of Super¬ 
heated Steam 
used per B.H P. 

Lbs. of Saturated 
Steam used 

Ijer B.D.P. 

til 

8 

19.S'5 

27 2 

8^ F. 

352 

333 

13-94 

15-17 

Per Ceut. 
8-8 

7 

197 

27-4 

G4* F 

298-4 

284*8 

14-35 

16-66 

8-4 

5 

197-7 

27-4 

ir F. 

196 

195-2 

16'63 

16 64 

6*5 


The illustration (Fig. 10) shows the application of a 100 
U.P. De I,aval turbine to the driving of a twin armature 
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high speed dynamo. The speed is regulated by a sensitive 
governor of the centrifii^al type, and the steam oonsumptioa has 
been proved to be only 24*5 lbs. per*electrical hotse-power-hour 
(or say about 20 lbs. per I.H.P.-hour) in the case of a •'iO liorse* 
power Turbo-dynamo plant, iJupplied with steam at 114 lbs. per 
square inch and with an ejector condenser making a vacuum of 
13 lbs. per square inch. 

Various Applications.—This steam turbine ian be use<l for 
a variety of purposes :— 

1. It may be arranged for driving mill machinery by beUing 
or ropes, in which case the turbine should be bolted to the 
foundation, but in many other cases this seems to bo un* 
necessary, 

2. It is extensively used for driving dynamos, as shown by 
Fig. 10, and in the larger sizes there are always two armatures. 
This also has the advantage, that the machine may be used for 
two different voltages by coupling the armatures either in 
series or in parallel, which is suitable for a tbroe-wiro system 
of electrical distribution. 

3. The‘^e turbines are frequently used for the direct driving 
of centrifugal fans and pumps. Their high speed renders this 
combination very efficient. In the case of having to pump 
water up from mines or to higher elevations, two or more 
pumps may be coupled in series. 'I'he turbine fan can deliver 
air of high pressure, and the machine can, therefore, be used 
as a blower for cupola furnaces with great advantage. 
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LKt'TfRr; \ |,irKSTi()\'< 

I. l'Jx[»rrs8 in yniir own wni-Js tho definition of a tnriiiiie (Jivoallst 
of the (lidoient types into winch hydraulic and atcain turiiinea may be 
coiiveniciiily classittcd. State clearly how, from one j)Oiiit of view, the 
Bieani turbine fnlfila tlio same functions a.s tlio reciprocating steam engine, 
wliiiat from another point of \icw it act;^ like a water turbine. 

2 Skotcli and describe any foiIII of icaciinn tmbinc. (Jive reasons why 
this aanio piinciplo has not been successfully applied to steam turbines. 

,3. Isxplain clearly the dill<Tciico between an impulsivo hydraulic motor 
ainl an impulsive Hteani tin tune (live a eompaialivo pair of iiumencai 
examples .similar to that in the lecturig hut with water of lOO Ihs pressure 
per sitinaro iricii and steam of the same kinelie laieig}'. 

4. ohow hy neat sketelic.s iho jia'-sage of slenin along the conical 
nozzle and hnekets of the I)o baval turbine. Wliy ami to what angle is 
the interior of the steam noz/lr made conical’ Why and to what angle 
IS tho nose of the uozzle cut after it has been bored and reamed ? 

5. (live in your own words a clear, diagrammatic explanation of the 
ludden changes in pressuro and velocity of the .steam in passing through 
the iio/./.lcs of tho Do baval turbine. Dxplam in conciso delail liow tlio 
final formula for tho kinetic energy of the steam leaving tho noz/lo is 
arrived at, and show how tho velocity of tho outflow’ing steam is 
calculated. 

6 Siipiiosc llial 1 11). of <lrv saturaleil steam of IfiO Ib.s absolute pressure 
per squaio inch bo e\[)andod adiabatically in a l)e l/uval iio//le (.lowiTto an 
absolute preseuro of I lb. per sipiaro ineli, and let tho dryness fraction = '/C 
at tho point of rliscliaigc liom tlio iio/zlo uptm tlie turbine bimlvCtB. I'lnd 
tho velocity with wlirdi the steam leaves tho nioutli or Section C of the 
conical nozzle, Draw a corresponding diagram to Fig. 4, with a table to 
illustrate your answer, and let I'o inch n-presciiL I lb. pressure per square 
inch, as well as 1 cubic foot of volume [ler lb, of steam. 

7. Skclcli and dcseiilio the usual arrangement of nozzle with shutting-off 
valve. Stale any advantages or di.sadvanlages which you eniisuler may be 
broui^lit foiwaid* in favour of or against tins method of legulating the 
steam supply to tho turbine wheel. 

8. Jllustrato by a numerical o.x,ample, how you would arrive at tho most 

efficient form of tho buckets. Knumeiate any drawbacks to the direct 
driving of maclnnos by tho Do Laval turbine, and explain clearly how tho 
speed of the wheel is reduced by gearing for dnving dynamos, fans, or 
centrifugal pumps. * 

9. Plot out to a largo scale upon S(]uared pajier. tlio stresses in tho 
material of a Do Laval turbine wheel. \\’liy are the larger si/.es of wiiools 
made solid without a hole through their cential boss? Give sections 
showing how tho shaft is fixed to the boss in both large and small 
wheels. 

10. Describe the method of balancing the rotating parts of a turbine. 
Also, explain tho phenomena known as the “critical speed” and the 
“ settling of the wheel.” Give a formula by which tho “ critical speed” 
or number of revolutions per minute of tho wheel may bo calculated. 

II. Give dolailed sketebes of the several parts, with a complete index, 
for the De Laval steam turbme. 



QCTBSTlOirS. 


257 


12. Qire a longitudinal section and plan of a small Be Tjaval steam 
turbine, with the necessary letters ana index to parts. Show how the 
moving parts are lubricated, and state what alterations are required when 
you wish to exhaust mto a condenser irstoad of into the atmosphere. 

13. Plot out on squared paper tjjio tjibulated results of tests taken from 
a Be Laval turbine (Ist) when using superlmatod steam, (2uil i wtien using 
saturated steam as given in the taiile, p. ‘J.'4 

14. I'jnumerate the various appluaiions for which the Do Laval turbines 

tro specially adapted. • 


17 
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PARSONS, CURTIS, ANi) OTHER STEAM TURRINE3. 

Contents.—M atliematical Explanation of How tho Heat Units, Work 
Done, and Change of Momentum aro expressed for Ideal Steam 
Engines, with Special Reference to Steam Turbines—Heat Units 
winch should be (Jiven Out per Lb. of Steam in an Ideal 
Engine when Exhausting into the Atmosphere—Heat Units which 
should bo (liven Out per Lb. of Steam in an Ideal Engine by 
Elxpanding tho Steam Adiabatically and Exhausting into a Condenser 
—Example I. — Continuous JXpanslon Steam Turbines — Parsons’ 
Steam Turbine—Tho Bru.sh-Eat sons Turbo Conerator—Bearings— 
Relative Spaces Required for Parsons’ Turbino and Reciprocating 
Engines—Superheated Steam— KITcct of Vacuum on tho Consumption 
of Steam—The VLacuum Aiigmentor—Teats of Parsons’Turbines for 200, 
600, and 1,600 kw. 'I'urbo (Jencrators—Marine Turbines — General 
Description of tho “Turbniia” and her Engines -The A^lvantages of 
One Propeller on Each Shaft—Tmbine-dri\on Boats for Commercial 
Purposes—“Kinii Ivlw.inl I’.ibli' of tho (hiief Me.isuromenLs of 
Recent Atlantic Ianers —'I’lic (hn iis 'I'mbme —Gl-iici al Description 
of a 5C0-ku. Cuitis 'rurbine- No/./.hs .ind Biickets—Centrilugal 
Governor—Eniorgoncy Govoriior—-Vertical Shaft, Eoolstop Beanng 
and Oiling Arrangement—BeatingM—I'hln ie icy of 'I'mbino.s— 
Advantages and Chief l''caimcsof Steam 'J'uibiiiea —Notes on Other 
Steam 'I'm bines—t^Micstiuii.s. 

Mathematical Explanation ol How the Heat Units, Work Done, 
and Change of Momentum are expressed for Ideal Steam Engines, 
with Special Reference to Steam Turbines.*—Referring to the 
formula used in connection with the De Laval turbino, it will 
be interesting and instructive to examine more minutely, the 
ideal exchange of heat units for woik done by steam, and apply 
the same to continuous expansion turbines. 

Heat Units which should be given out per Lb of Steam in 
an Ideal Engine, when Exhausting into the Atmosphere.*— 
Neglecting tlie variation of the specific heat of water, the usual 
formula for the total heat in sti-ain, or totnri lieat of evaporation 
as given in Lecture IX.. Vol. I., is as follows: — 

H = S +L. 

Or, H = ((• - 32’) + 966 - -7 (<” - 212”), 

t.e., H= 1,082-4 +-3 f (from 32" F.). 

Where t’ = the temperature iu Fahrenheit degrees. 

For arithmetical convenience, the total heat of evaporation 
calculated from zero Fahrenheit will be got by adding 32 to 
1,082-4 as above. 


See footnote on next page. 
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Henet, H - 1,115 + -ST (from 0° Fah.). 


Now, taking the absolute 't(uii|K'rature as t = (tOl 4 . f Fah.), 
and adapting the above equation to thi.s absolute loinpcrature, 
we get— ' 

H l,0,Se-.t+ .31" 


Or, 

>1 

>1 

M 


>) 

Hence, The Tatenl Heel 
in Steam, 

Or, The Total Heal iu 
Steam, 


L =(H -S).-( 1,082-4 ) -3 r) 32"). 
L = I,0.S2-1 1 :i2-<’ + -Sr. 

L = l,ll5---7<”. 

L = 1,115- 7(r~4lil). 

L ^ 1,115 - -It I 322-7. 

L - 1,438 - -7 7- { from, ahe. zero of temp,), 
H - 1,438 + -3 r ( from nbs. zero of temp,). 


Heat Units which should be given out i)er Lb. of Steam in 
an Ideal Engine by Expanding the Steam Adiabatically and then 
Exhausting into a Condenser.*—A fonimla will now be .b-duced 
from the lirst principles of thorn} 0 (lynamic.s, by whn-h the heat 
units due in the shai)e of work done per 1 lb. of steam, may be 
easily calculated therefrom, it is under.stood, that tins steam is 
of the same quality for which Regiiault determined the latent 
heat, as shown above. , 

Let 1 lb. of water be heated from temperature t-j to tempera¬ 
ture Ej, and converted into steam at that temperature r^. The 
steam is now expanded adiabatically in the ideal, em/ine until 
its temperature has fallen to the .starting temperature r^. 
Then, let it he wholly condensed while the temperature remains 
constant at Tj. Heat is absorbed by the water at all temperatures 
between r, and Tj, and also the heat equivalent to the latent heat 
of steam is being absorbed at temperature r^, during the whole 
process of the formation of steam, lleat is neiiher taken in nor 
given out during the adiabatic expansion of the steam, but is 
given off at temperature r,, during condensation. If a minute 
quantity of heat dQ, bo taken in liy the water at any tempera¬ 
ture T (somewhere between r, and r^), then the woi k obtainable 
from the steam due to that quantitv of heat is— 

dQ{r -Tf 

T 

• Engineering students sliould study Paper No 2,r)0r), “ l-:eoiioiny 
Trials of a Non-Comlensing Steam Engin»!: Simple, rom|»oiind and Triple,” 
by Peter William Willans, M.lnst C E , in thu ProcFeduuji of the hi^tttu- 
t\on of Civil hngxnura, vols. xciii., xcvi , jin<l cxiv., wliore Mr. Willans, 
Dr. John Hopkinson, and others disouss the following and its effects. 
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The heat absoi bed in raisiii" 1 Ib. of water from r to (r + c^r) 
was (f Q, and the work*to be obtained from it is, therefore— 

dQ{r - fj) 


Hence,, the work obtained troni the lieat, applied to raise the 
temperature of the \NMter from Tj to r, is—• 


rdQ(r-_ 
4, I- 



(’■•2 - ’'l) - "'l 


’’i* 


The lieat absorbed in evaporating 1 Ib. of water at teiiiprra- 
turo is already shown to be (1,418 - ‘7 t„), and the work 
obtainable therelrom, by working to a lowiir temperature is 
then'foro found by inulti[)lying thus <|uantity bv the efficiency 
limit of the Carnot cycle, as shown in Lecture Xfll. 


Or, Wni'k done as <!X}>rebsed in 
heal units for the Latent 
Heat uf.steam (onh/) 


( 1 , 438-*7 r. 



Therefore, taking r.> as iho absolute temperature of the ste^am 
in-the stcam-chest, and Tj us tin' absolute condenser tomporature 
in degrees Fahnuiheit, the total heat units due from 1 lb. of 
saturated .steam expanding adiabat ically is clearly the sum of 

the woik done due to the Latent and t^eiiaihle Heats. 

» 

Total Ileal = baluil Heal -L SoriHiblo Heat. 

f -- ■ ^ ' > 

irr.u, =(l,.l:!S- + 

Tt is w’orbhv of notice, that this is n<it the maximum elliciency 
woiking between t<‘mperatures and To attain this, the 

steam must not lie wholly comleiised at temperature T^, but it 
must be so far condensed, that on compressing the steam 
adiabatically, it .should be raised to precisely the temperature 
r,„ when it w.is wiiolly ('ond<-ns<‘d, but this is impracticable in 
the steam eiigims 

A sb'^lit modification of the last formula based on the assump¬ 
tion, that when I lb. of water at temperature is raised in 
temperature to as water, it receives all its heat (r^— at the 

average temperature, may be written thus— 


B.T.U. = 


1,188- -7 r. 


+ 


St':)".-'.')- 


This equation is known as MacFarlane Gray’s formula, which 
he deduced Irom Rankino’s c^cle and a study of entropy dio- 
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gram*. It has been applied to tlie Willans <fe Robinson central 
▼alvo engine, as well as to the Parsons sWam turbine. The lion. 
Mr. C. A. Parsons says, “thfit he gets from 60 to 65 per cent, of 
the possible work done, as calculated by this formula, in his 
steam turbines.” It is applicable* to the previously-described 
De Laval turbine, and gives the velocities of the outflowing steam 
closer to those in the table of Lecture XV., thnn by the 
formula and tlie* cxainj>le in that lecture. 

Example I.—Find the velocity of the steam issuing from 
the nozzle of the De Laval turbine, when the pressure of the 
entering steam is 215 lbs. per square inch absolute, expamling 
adiabatically and leaving the nozzle at a pressure of *93 lb. per 
square inch aUsolute by the ])rcviou3 formula. 

Looking up Table Jl. on the Properties of Saturated Steam, 
and Fig. 4 in the previous lectuie, we get the temperature of 
387 ■ 7 *’ F. for steam at 215 lbs., and 100° F. for steam at '93 lb. 
ab-iolute pressure per square incli. Using MacFarlane Gray’s 
formula, we obtain the total heat units, whicli is equivalent to 
the work done, as follows :— 


Total B.T.U. 




,438 ^ ■7xH48'7 818-7 ~5«1 


848-7 


848-7 + 561 




(848-7 - 5G1)J 


= {(-99 +-8) (287-7)} 

- 1-19 X 287-7 

= 312 |irr lb. of steam between r, and 


Eoferring to the previous part on tlie De Laval turbine, -we get 
the formula for the velocity in feet per second of the sttam as— 


V = 224 VHj - Hj, 
t! = 224 n/342, 

ti = 224 X 18-49 = 4,142 feet per second. 


It will bo n.)ticcd, that tlii-s result (4,142) agrees more closely 
with that given in the table just aft(-t- Fig. 5 of Lecture XV. 
(viz., 4,127) than what was urnved at by using the other formula 
(viz , 4,076), but both are suUiciontly near for practical purposes. 
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Continuons Expansion Steam Turbines. —In this typo, the 
gradual change of momentum of tho fluid takes j)lace, due to a 
loss of pressure or potential in tlve steam as it flows from the 
inlet to the outlet of tho turldne. The passage of the steam 
may either be parallel with •the axis of tlie cylinder, in which 
case it is called a parallel- or axiaUjlow turbine, as shown in Fig. 
1 ; or, it may pass radially towards and from the axis alternately, 
when it is termed a radial-Jlow^' turbine. I<i either case, the 
same weight of steam enters and leaves the motor per second, 
but the volume naturally increases whilst tho teniperatuie and 
pressure fall. The route followed by tho steam through, and 
the mechanical action of, this motor are, however, not very 
difficult to understand, even in the latest compound condensing 
engines. 


Fix£c Blades 
Movin-^ Blades 

Fixed Blades 
Moving Blades 



Fio. 1.—Action of Ste.4M on tde Blades or a Par.sons’ Tuubinb. 


Parsons' Steam Turbine. —Ever since 1884- the Hon. C. A. 
Parsons, F.P.S., has been continuously engaged in perfecting 
and applying his steam tuibine to tho running of dynamos, fans, 
pumps, and fast speed vessels of various kinds. Wo have only 
room for a general description of Ids comjiound condensing 
parallel-flow motor, as applied to the direct driving of electric 
generators and screw propellers. 

General Description of the Working Cylinders .—As will be 
seen from the accompanying Figs. 1, 2, and 3, this steam engine 
consists of a cylindrical case with rings ot inwardly projecting 
guide blades, within which revolves a concentric shaft with rings 
of outwardly projecting blades. I’he blades of the cylinders 
nearly touch the shaft, and tlie blades on the shaft lie between 
those on the case and nearly toucli the same. This annular 
•pace beitween the shaft and tho case, is therefore fltted with 
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alternate rings of iixed and moving Llad('s, Steam enters the 
jeft-liaiid end of this annular s})ace at A«(Fig. 3), from the boiler 
Bt<‘ain ]dpe SP, through Ijic stop valve SV, into the steam 
chest SOj, tlirouglj the safely governor equilibrium valve SG V, 
shown in the lelt-hand partitionejl steam eliest. The steam 
now ilows into steam chest then through tlie double beat 
valve J)l> V, and down to the space A. Krom A, the steam passes 
to llie right thro^jgli a ring ol fixed guide blades, by which it is 
projected in a rotational direction upon the succeeding ring of 



Fn; ‘J fouTioN oi thk IntivUick or 1111; thuMoa or a I'au 5 >on.s’ 
(\>Mroi:Ni) TuUUNK, ShoWINO; TJIK lllen. Jn'J’KK.MIJDJ \tk, and 
liK(aNNjN<; or thI': l.owJ)I, a])Ks liaMicriNo IKOM TJlK 
yilAHT. 

moving blades, imparling to them a rotational force. Tt then 
passes through the succeeding ring of guide blades, and tlie reac¬ 
tion tiierefrom increases the rotational force. The same jnocess 
takes place at eacli of tlie successive rings of guide and moving 
blades. The steam tlierefore expands gradually by small in¬ 
crements through each of tlie three sizes of cylinders wdiich may 
be termed the high, intenncdiat<‘, and the lo\v-]>ressure cylinders • 
HC, 10, and LC respectively, before it exhausts through EPg 
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into the air or into a condenser. In a moderate-sized turbo- 
motor there may be f#om thirty to eighty successive rings, and 
when the steam arrives at the •last ring the expansion has 
been completed. On the left .side of the steam inlet at A, are 
tlie three dummy or balaniing pistons, li \\ I P, L P, which 
are fixed to and rotate with the shaft Each of these pistons 
corresponds in size to the j)art of the turbine it balances, and to 
which it is connected by a pipe. On their ouiJSiiles are grooves 
and rings which project into corresponding grooves in the case. 
The three balancing pistons HP, 1 V, and tj P, and their pro¬ 
jecting rings are tliii.s kept nearly touching each other, so as to 
make a practically tight joint. The olijoct of these pistons is to 
steam balance the three working pistons in II 0, T C, and LO, 
and tlius relieve the end pressure on the thrust bearings. Tlie 
thrust bearing TB, at the free end of the shaft can bo adjusted to 
regulate the amount of clearance between the pistons and the 
groo\es. 

Fwiciioiis of the Electric and Centrifwjal (JovemoTB. —When 
this steam turbine is coupletl direct to a continuous current 
dynamo, or generator supplying current for electric glow lamps, 
wliere it is very important to keep the voltage as conslant as 
possible, whatever be the load or number of lamps in circuit, 
then tlie speed of the turbine is regulated by the electric 
governor EG (Fig. 3). But, if the centrifugal governor CG, be 
also fitted, it only acts as a safety or emergency governor to 
close tho safety govt*rnor valve SG V. 

When the turbine is coupled direct to alternators, or large 
direct current generators, wliicli liavo to be run in parallel with 
others for electric tramwajs, ikc , it is very important to keep 
the speed constant. The turbine is tlien only fitted with two 
centrifugal governors—viz , the one for controlling purposes, 
whiKt the other acts as a safi'ty governor. 

General Description of Steatn Admission and Reijulation (see 
Figs. 3 to 5).—Suppose the main steam stop valve SV 
(Fig. 3), to be fully opened, and that tlie engine is coupled to a 
continuejus current dynamo, and its speed regulated by the 
electric governor EG; then, if the voUngo rises l)eyond the 
normal, E G pulls down the right-hand end of the long lever G L, 
whose fulcrum is at F, and raises the left-hand end of G L. 
This lever lifts a small relay plunger valve RP V, which allow* 
the steam in the relay eh.irnber KC t<> escajie, and the relay 
--spring RS, above the relay piston KP, then partly closes tlie 
double beat valve DBV (Figs. 3 and 4). With this type of 
electric governor the .speed rises as the load on the engine 
increases; whereas, with the centrifugal governor it falls slightly. 




Fia. 3 .—Sbctional Elevation op Parsons’ Parallel*Flow CoMPorND Turbine, with Governor, Equilibrium 
Admission and Governor Valves, Steam Cylinder and Blades, &c. 
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The steam which passes from S V, through D B V, gets into 
the circular admission chamber at A, and acts upon the working 
and the balancing pistons as previously described. 

Should the speed with the voltage be increased beyond the 
required limits, then the balls of Phe safety centrifug.il governor 
OCt, fly outwards and act on the horizontal rod to which the 
hand-lever HL, is attached. This rod, therefore, releases the 
trigger and allo'ws a weight to pull down the safety double beat 
valve S G V, and cut oflf steam entirely, until the plant is started 
up again afresh. 

Details from the Slop Valve to the Belay Piston (Figs. 3 to 
6 ).—Steam from the boiler is admitted by the steam pipe SP, 
and stop valve SV, to the steam chest SOj. At first, the 
starting lever S L, is lifted (Fig 5), when the steam passes into the 
steam chest S Cj, to the double-beat valve D B V. This valve is 
now lifted by the starting lever SL (Fig.s. 4, 5). It thereafter 
works automatically by the force of the steam under the 
relay piston R P, in the relay chamber R 0. The admission 
valve AV (Fig. 5), regulates the amount of steam to work 
the relay piston RP, and is usually about half a turn open. 
It should not be more unless the boiler pressure is low. 
The motion of the relay plunger valve R P V, is derived 
from the action of the cam C, on the cam lever CB. On the 
down stroke of RPV, it closes the exhaust port EPj from 
chamber RO, so that when steam is turned on at the 'stop 
'.'alve SV, the relay piston, actuated by the accumulation of 
steam under it, lifts the governor double-beat valve DB V, and 
admits steam to the engine. When the exhaust port EP^ is 
open, the steam can escape into the atmosphere in a non-con¬ 
densing turbine or into the end glands in a condensing 
one, and the double-beat valve D B V, is then closed by the 
force of the relay spring R S, over the relay piston R P. 

To Warm the Enyine .—See that the safety governor valve 
SG V, is open. Always gradually warm the engine as far as the 
exhaust EPj, by slightly opening the main stop valve S V, and 
lifting the governor double-beat valve DBV, by th» starting 
lever S L, provided lor that purpose. 

To Start the Engine .—Open the engine stop valve S V, a little 
more, and assist the relay piston R P, by the lever S L, to lift 
the double-beat valve DBV. Always allow the engine to run 
slowly until the oil is circulating freely, as shown by the small 
opening in the three-way cock, fitted to the oil pressure gauge 
OPG (Pigs. 3 and 5). 

Bearings and their Lubrication .—The bearings B, and Bj, are 
lubricated under pressure by the oil pump 0 P. The lubricant 
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passes through the cooler in the oil reservoir OR, on its way t« 
the bearings. Any good mineral oil of fair body, free from 
acid and gummy matter may be used. The practice of running 
off 8 to 10 per cent, of the oil eac^ day from the drain at the 
bottom of the reservoir 0 R, and putting the same through 
a filter will greatly conduce to good results, prevent the 
accumulation o^ dirt, gummy deposit, water in the reservoir 
and oil pipes. When running, there should be 2 inches of oil 
shown by the oil gouge glass, and the bye-pass valve B P V, con¬ 
necting the feed pipe and the oil reservoir 0 R should be shut. 
Large machines are supplied with an auxiliary oil hand pump 
0 H P, as shown by Fig. 3, for the purpose of forcing the oil by 
the hand-lever H, into the bearings when starting the plant. 

EUctric Oovernor. —The relay plunger valve R PV, in Fig.4,*is 
controlled by the action of the solenoid S, on its soft iron core 10, 
and against the force of the governor spring G S, which is sup¬ 
ported by the holder at the end of the governor lever G L. The 
outlet from the relay chamber R C, is open, when the lever G L, 
is at the top and bottom positions of its range, and closed 
when in the middle position. The solenoid S, must always be 
permanently connected in series with a fixed and an adjustable 
rheostat, and the whole joined as a shunt across the main 
terminals of the dynamo. The dynamo field magnetising circuit 
must always be permanently connected to the dynamo terminals 
without switches or other apparatus, whereby the circuit could 
be broken. 

The Safely or Centrifugal Oovernor, in Figs. 3, 8, is adjusted to 
act at the desired revolutions per minute. It is a good custom 
to shut down a plant by the hand-lever H L, which disengages the 
trigger, and allows the safety governor double-beat valve SGV 
—between the governor and screw-down valves—to close, before 
closing the main stop valve S V. 

General Inetructions for Adjusting the Governori (Figs. 3 
to 6).—See that the relay spring RS (Fig. 4), has suflicient 
compression to close the double-beat valve RBV with full 
steam pressure, when the governor lever G L iJ in the 
lowest position of its range. If it does not do so, slack off the 
joint J, check nut ON, and increase the compression by the 
screwed sleeve S S. The compression is generally about | inch 
to inch. The left end of governor lever G L, which actuates 
the relay plunger valve RPV, is provided with a screw adjust¬ 
ment GSA. Its nut should he near the centre of its range 
when the governor lever G L, is in the best governing position. 

* Fig. 4 was obtained by the kind permission of Mr. R, M. NeilSoo, 
A.M.I.M.E., from his book on The Steam Turbine, , 
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The relay plunger valve RPV, should be examined occasion¬ 
ally when the engine "is first put to work; and, if necessary, 
cleaned witli fine emery cloth, but should not be made to leak. 
This valve should be free enough to fall with its own weight, 
and must not bind on the rbunded end of the governor lever. 
The governor lever dash-pot 0 P D, should be kept filled with 
paraffin oil, and the safety governor dash-pot SGDP (Fig. 
6 ), kept filled with water. ’ 

Condensing Type .—The exhaust steam from the relay cylinder 
RC, is led to the end glands E Gj and E Gj, of the turbine case 
to supply them with steam. .There are valves on each of the 
two pipes Pj and Pj, leading to the end glands, one of which 
must be kept full open, and the other regulated to suit the gland 
steam supply. This is most important, for, if one gland valve 
be not full open, the relay cylinder will not act properly. 
Always keep a trace of steam blowing at the glands, or air is 
liable to pass into the condenser through them. 

Non-Condensing Type .—The exhaust steam from the relay 
cylinder RC, should be led away as free from obstruction as 
possible, to the atmosphere. The discharge valve I) V, should 
be full open, and the pipe leading aw.ay from it quite free from 
obstruction. If steam should leak from the end glands EGj 
and EGj, then open the supplementary valve SnV in Fig. 6, 
which, supplies steam to the jet in the ejector E B, until the 
leakage ceases. 

when air and circulating pumps are drivep from the turbine 
engine shaft, the first “warming-up” of the engine should be 
discontinued as soon as the exhaust from E Pj is warm, for 
otherwise the air pump will become heated, and, consequently, 
will act slowly. 

The Brush-Parsons Turbo-Generator.—As a supplement to the 
foregoing illustrations and descrijitions we herewith reproduce 
an unlettered outside plate-view of this plant with a longitudinal 
section of the turbine and of its shaft with the pistons, in 
order that the student may test his understanding of the 
arrangement. 

It will be observed from the outside view that the cylinder 
with its supports are cast in one piece. These are made of hard 
close-grained cast iron. The shaft, as well as its rotor, are made 
of solid forged steel, annealed and turned all over the outer sur¬ 
faces, as shown in Fig. 7. The blades are securely attached to 
this rotor and cylinder respectively. The blades for the high- 
pressure cylinder, which are naturally subjected to the eflects of 
the superheated steam, are made of special material to withstand 
the action of high temperature steam. 




iitotfBS iy.i. 



The bearings are of gunmetal fitted with eohiientrio tubes to 
allow of perfect alignment, as described u'.ider Fig. 8. 

The oil pump, which supplies tlje continuous circulation of the 
lubricant under pressure ior these bearings, is driven by means 
of a worm and wheel direct from the'lcft-hand end of the turbine 
shaft, as seen in Fig. 6. 



Fio. 6.—Lonoitcdinal Srcnon op a Bjiusn-bAKsoss .Stkam Turbins. 



smsMnilif 



Fio. 7.—View showing Siia^t and Blades of a Brush-Parsons 

CoMl’OUND TdHRINE 

From Fig. G it will also be .seen, that tho steam as it flows 
from the steam pipe and stop valve on its way towards the 
working cylinders, first passes through a'double-beat equilibrium 
valve which is controlled by a centrifugal governor. This 
governor, however, only comes into action in the case of 
emergency. After the steam has passed tho emergency valve, it 
is then admitted to the turbine througli a separate valve, con* 
trolled by its own ball governor for regulating the admission of 
steam according to the loud. The clearance space between the 
bottom of this second valve and the high-pressure cylinder is M 
small as possible, so that the eflect of the throttling of the steam 
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by the second governor may be as “kittle” as possible, and thus 
regulate the r.p.m. witliin D per cen^ from full load to no load. 

The Brusli Company guarantee in the larger sizes a consump¬ 
tion of 17 lbs. steam at ful'* load, 18 tbs. at 20 lbs. at and 
27 lbs. at ^ load per kw.-liour, with an initial piessure of 180 lbs. 
per square inch, a superheat of 175“ F , and 27^ inches vacuum. 



Bearings.—The bearings consist of a gunmctal or brass bush 
BB (Fig. 8), witli oil ways 0 VV, nut N, and steadyingpin 
S P. This husli is surrounded by sev(‘ral concentric brass or 
steel eubea T^, T,„ T^, fitting loosely inside I'ach other. Tlio 
lubricant enters by oil iioles 0 H, into tlie interstices between 
the tubes, in a very tlmi film, which ha.s gi^*at viscosity, and 
hence produces coiiHuhirable rcsi.stance to rapid lateral displace¬ 
ment of the bearing bush. The film of oil also tends to centre 
the shaft in the bearing, and forms a cushion wliicli effectually 
damps the vibrations arising from any errors of balance. This 
form of bearing is very durable, and is used for speeds over 
2,000 revolutions per minute; whereas, bearings lined with 
white metal are more suitable for slower speeds. 

Relative Spaces Required for Parsons' Turbine and Reciprocating 
Engines.—’I'he accompanying Fig. 9, shows the relative spaces 
required central electric station engines of these two main 
types. The vertical reciprocating engines in the background 
indicate up to 1,400 H.P., wlnlo the turbine in tlie foreground 
gives 1,500 kw., which is equivalent to an engine indicating 2,000 
H P.* The relative floor area occupied by the vertical engine 
plant and the turbine is 2J to 1. The vertical set takes about 
*6 of a square foot per kw., whilst the turbine only requires '2 
of a square foot per kw. The respective heights for 3,000 H.P. 

* A kilowatt is 1,000 watts, with symbol kw., and 1 kilowatts 1'34, 
or roughly horse power. 
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sf-ls ai'f -Ifi fiM't for till' \oi'hc;'il stciuii <'n"ni(' ami only 9 feet 
I hr I 111 him'. 'I’lim s.niny nl' sparr is rKrii ot i^vcat value 
ill ^l•lllll■s III I itii's, whi'i'i' llii'ie IS ilillii'iillv m h'l-tliiiy [iriijii'i' 
arrmniiiiHl.il lull lur l.inliliiiy l.u''4r reiilial |iii\vrr btalioiis. 



I■’ll I I .’'(Hi isW Ti Ki'.i' \i;i'i'i;s \’n.K 

Krw I .r I !■' U|)' 111 'I s nr l'’lri ’ lu ( 'i>\ , \\ .1 11 -i l n I ( IMlI’i) 


Supciheated Steam. -TIk' juioiitit <>1 clo.ir.uiri' iK'lween the 
li\('(l mill iiiM\ ill :i PiifM'US liirlniH' is \’('ry .small 

('onscijuciil 1 \. w lir n Mit ui U cij st I'am is ns's], ( Ik* w.iter (l(‘jU)site(l 
on Uk* !i\rii |iiii ts of tlu' tinlniK' will eausc tViclion I'V (‘omin ,'4 
inio (•nii(,K't wilh <1k‘ Tins coiKlcn'.atioii am) 

i'lK-tion mav Ih* uiasillv rrdiifi'd hy siiporliealim^ llm steam ami 
jaekel hil^M lie t in Iniie It. will In* seen liom the results of tiie 
tests wliieli ,ue ^q\en alierwainis, tli.it siiperlie.itini; the sttsim 
impnnes I,he rlllnenev of a tiiihine All', rarsons eonstilers 
that, lelt" F. of siipei In at roduees the stoam oousuiiiyitioii of 
Ins lurhine ahoul. IJ \n-v eeiil. The results of (he te.sts upon 
thes(‘ tnihiues, show a ^neater ]>eifontayi* ineie.isi* in ollieieney 
by supei hr.it 'Ul^ the stc.iin, than is aeeonutial for hv caleiilatioii 
and mere thi-riiio il\iiaiiiir is .isonim; It is then-tore prohahle, 
that tin* (Ininnutiou of the pi(‘\iously mentioned iluid friction 
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by 8U|)erheatuii^ the steum, acoiitits in pait for the increased 
economy obtained by saipei heat 

Effect of Vacuum on the ConfcunpViori of Steam. \ very hij^h 
vacuum ih of the i^tealesc mmiom iie'C m i turbine, since tho 
expansion of the strain can tie ellb. ted inside t in-; url)ine, right 
down to the \ acuuiii pi es'Ui r at tIn' < iiti aiii'i' to tlie ciunhuisnr , 
whereas, tins is imt sn .ulvaiii,igr,,us m the case of reciprctcatirig 
engines, for tlie following hasons -'I’he low-pressuro cylinder 
would rtnpiiie to be very hirgo to deal with tlio enormous 
volumes ot steam, 1 esult in nnich gie.itm eost, friction, and 
condensation. Also, the laiiniKai si/e of the exhaust ports, 
pa'^sngc^, and vaU'i's would piescnt iiian\ dilhcubie.4, and thus 
make tlie whole plant ver\ bulky, expeii.sue, and, perhaps, les.s 
efficient. 

The following conditions arc neenssaiy for olitaining (ho best 
vacuum with tin him s •- 

The Jirsl point is to avoid all air leaks 'I’lns is easily accom¬ 
plished in a turbine plant, as tin* only pu'ues where leakage of 
air is ]>ossit)le, are wheu' the lurlune sh.dt eomea out ot the 
low-pressure cylindei casing. .\iiy leakagn of air there, may 
be renderi'd veiy small hy pa-T'itg the ulands with sieam, .so 
that the leakage i.s steam and not air. 

TJio seantti point is to Juue a eond' nser with sutlieient cooling 
surface Thi.s niav be attained by ilio most .snital>le arrange- 
nn it of the tnlies, with ninple spaei's between tlnun for the 
steam to yias.s and tiie projMU' v, looitv of •the cooling water 
through them. AKo, ,i good supplv of >,oo!ing water witli an 
efficient means ot coelmg the lomi-'iised Ueam so as to k(U'p 
the air-pump e<)ol, ami lull previ^ir.n tr)r extiaeimg by tlie 
air-pump the .small (|u,uiLity ot air which must leak into the 
tu rbine. 

In the dnrd plac(‘, the (vueienser should he piaccfl stiaiglit 
underruMth, and close to, tin; luiome, so that the drop in the 
vacuum inav be a.s small as posMhio betw'cen tliem 

The following table sIionns tJic 'fleet of vatiatioii of vaouinn 
on the 'Vuisumpi ion ot steam in llui ease <>1 a 1,500 kw. set 
For smaller si/cs the variation is not so maiked' — 


Vftcnnni leir - ,;o |in 
It)i lUfl 


|)i:l. I' III I III • o irii ' '«ii-iitii|itJ'in 
jv-r I 111 <>! \ III ijiiiii 


2 ') 

2S 

27 

2 u 

24 

22 

16 


() p'-r I elit 
4 

:ij „ 

'■i 



rrr'irrfr \\i. 


■ 27 () 

By paying special attention to tlm above reipiirernents, it has 
been found unnecessary to use a mucli coinlciising plant 

than has hitluTto btaui dom^ for the .same powi r witli is'ciprocat* 
ing engines. In tlic case of tin* most ie(s-nt (omlfMiser.s tor 
steam turbines from 10 to 12 lbs o! steam ar(; coiulcnscd jx'r 
8(juare foot per liour; and at tin-, rate of condeii.sation, vacua of 
from 27'r) to 2H ii.ches, with baioiiK'tci at dO inclx'S, can be 
o]>taine(i at full load, The amount of enolmg water generally 
allowed is about Hlty tnn'‘s tin- full-load sieain consumption, 
which will increas(‘ tin? \aeunin under normal < -jndituons by tiom 
^ to 1 inch over that. obt.umMl l)y the usual lulc ol twent.y-liv© 
to thirty tunes tlie amount of steam useil 



Fio. 10.— Ahuanokmknt of I’aRsoNs' Va( ucm AiujMKNTUR. 


The Vacuum Augmentor.— With icgaid i<> extracting the air, 
a great improvement has l)een (dlected liy the leccnt.ly-iutroduced 
vacuum augmentor. In it, the an-pumps aie })lac('d about 
3 feet below the bottom of the <‘oiidciiser h'rum any convenient 
part of the condenser, pici('ral)ly near the Ixittom, a p,pc is led 
to an auxiliary condenser, the. size of wlucli is about the 
cooling surlace of the mam condenser. In a cmitraeted poitiou 
of tliis pipe a small steam jet is placed, winch acts in tlie same 
way as a steam exhaustor, or tlie jet in the lunmd of a loco¬ 
motive. It sucks nearly all the residual air and vapour from 
the condenser and delivcis it to the an-pumps. A water se.il is 
provided, as shown on b’lg 10, to ])rcvent tlie air and vapour 
returning to the condmiser Thus, it there is a vacuum of 21 5 
inches to 28 inches in the ooiulenser, tliere may lx- only about 
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26 inchos in tho air-pump, winch lua d therefore only be of small 
sue. Tlic steam jet compro^Ms the air and vapour from the 
condenser to abrnti h.ill its <u'ii,nn;il volume. Tin- small quantity 
ol st(Mni tr'tiii (l|i^ '-Jiraiii p't iwlnch is only about per cent, of 
that used bv [be tiirl'iiH .it tuli load), togotlier uitli th<' air 
extracted, arc coobal down and condfusial by the auxiliary con¬ 
denser. winch hs ^e'lK'r.alh sujfpln d with co'diii:/,water in parallel 
witli the main C"ndeiisei. in this connection it should he 
oliserveil, dial conuensutnm in a condenser t.ikes place inucli 
niort‘ r.ipidlv and eilntuailv it' the air is tliuroti^hly extracted, 
than if theie is miieh air piesent, as the air seems to forma 
blanket or nou-eomiuetor round the tubes and retards the steam 
g(dtini( to tin m. 

Tests of Faisons’ Turbines. — In onb-r to give the student an 
idea ol the ellicnmey id these turbines when eoupled direct to 
eh'ctiic geiiei alot(liiee -i/es have been eliosim—- viz., 200, 500, 
and l,d0() kw respe.-tivelv. 



First, TeU oj a ^.'OO-kio. Tiirhu (/en>‘rator for Continuous 
Currents. —The several curves plotted on Fig. il were derived 
from tests taken at *, l'ull,aml 25 fier cent, over loads, witli 
st<‘am of 110 lbs boiler pie-sure. They show the pounds of 
steam u^e<l [:er hour, as widl as tlie jiounds of steam per kw - 
hour, without and v\ 1 1Ii a \ eiy niibl supmlicat of ob h. at those 
loads. 'J'hc student .^Imuld study tlies(‘ curves, and thus be 
jirejtared to plot down tie* lemilts enunn'ratoil in the two 
lollovving tables, for the 500 and 1,500 kw. turbo-alternators. 


Pounds oF Steam per K.vV. Hour 
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Second, Te»l of a 600-Kw. Turbo-Alternator .—In this case the 
steam pressure was also 140 lbs. by the boiler gauge, but no 
superheat was applied. 

The tests were specially made,to show the effects of the 
vacuum on thb consimiption of steam. In the following table we 
have full load, half load, quarter load, and no load steam con¬ 
sumption per kw.-hour for every inch of vacuum from 22 inches 
to 28 inches. At 28 inches vacuum the full load consumption is 
only 22'2 lbs. per kw.-bour, and with the same load but a 
22-inoh vacuum the consumption is 28 9 lbs., or an increase of 
31 per cent. At quarter load with 28 inches vacuum the con¬ 
sumption is 32'4 lbs., and with 22 inches vacuum 46'3 lbs., or an 
increase of 43 per cent. These figures prove, conclusively, the 
enormous gain obtainable by having a good vacuum. It is calcu¬ 
lated that on full load there is a g.un of at least 4 per cent, in 
steam consumption for every extra inch above 25 inches, and on 
lighter loads the gain is still greater with this size and type 
of plant. 


8team Consomution of a 500 - Kw. I'arsons’ Turbo ■ Altkenatob 
RUNNING AT 2,.500 REVOLUTIONS FF.U MlNUTE WITH 140 LBS, StEAM 
Preshurk at Tine Stoi* Valve, and no SurEnniAT. 


Vacuum Ctuislaiil 
from Full Load 
to No Load. 

• 

Steam Consumption per Kw.-hour without Superheat. 

Inches of Mercury. 

Full Load 


1 

No Load. 

29 




1,600 

28 

22-2 

25-C 

32-4 

1,700 

27 

23*1 

2G9 

34-5 

1,900 

26 

24-0 

28-2 

36-0 

2,100 

25 

251 

29 7 

39-0 

2,300 

24 

26-2 

31 2 

41-2 

2,600 

23 

27-5 

32-9 

44-8 

2,700 

22 

28-9 

34 ■- 

46*3 

2,000 

« 


Third, Test of a 1,500-Kw. Turbo-Alternator .—In the following 
table and Fig. 12 are given results and curves of a test on a 
1,600-kw. plant for the Sheffield Electric Light Central Station. 
These show the consumption of steam under varying loads, with 
and without the vacuum augmentor. The steam used by the 
augmentor is included, and amounted to 450 lbs. per hour. The 
difference in vacuum is also shown, and when it is remembered 
that the augmentor jet only took about 1^ per cent, of the full- 
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load steam consumption, it is easily seen from the gain of vacuum 
where the total gain cOmes in by the use of the vacuum aug- 
mentor. In this case the vacuum n^cis not as good as it should 
have been, as the cooling water was 85'* F., and was only about 
thirty times the weight of stehin UbC<l at full load. . 

St>am Consumption of a I,500-Kw. Par^sdns’ Tukbo Altkrkator witii 
Vactcm Aucmiktdu • 


Pressure In Lbs 
per Sq. Inch 
above 

Atmosphere. 

Superheat 
in iJcjiiees 
Fahr. 

Vacuunj 

Indies 

Revs per 
Minute. 

Load m 
Kw. 

bllH of 
Steam used 
per Hour 

Lbs of 
Sto.ini 
ined per 
Kw hour 

113-6 

108-3 

26-60 

1,45.') 

1.316T) 

24,732 

18-76 

1110 

156-4 

■27 12 

1,5)00 

i.ouro 

10,S30 

18-66 

141 

113 

27-72 

1,5)00 

512 7 

11.425 

22 3 

154 

47 5 

27 72 

1,500 


3.128 


Without Vacuum Au(JMENTok 

115*6 

143 

2518 

1,5(M) 

1,020 3 

21,204 

20 7 

137 

119 

25 07 

1,500 

534-25) 

12,820 

24 02 

150-3 

7-2-4 

26-62 

1,500 


2,057-4 



In all the above tests the barometer is taken as 30 inches. 



Fig. 12.—Plotted Results of Tests or a 1 riOO-Kw Parsons’ Turbo- 
ALTEKNATOE to show TEE EiFECT OF TUE VACUUM AUCMEM'Oli. 
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Marine Turbines.*—In January, 1894, Mr. Parsons formed a 
separate company for the purpose of developing hi.s turbine for 
marine propulsion. The company set about building a boat of 
practical size at Wallsend-ou-Tyiie, and the first preliminary 
trial of it was made ot\ November* 14, 1894. It was this same 
yacht, “Turbinia,” which created so much astonishment and 
excitement, by steaming in and out amongst the mon-of*war at 
llic dnbiliu Naval lUniew iu 1897, at the then extraordinaiy 
.speed of 84 knots. 

To give the student a good general idea of this iiitere.sting, 
instructive, and successful application, wo cannot do better than 
reproduce here some of the figures specially presented for this 
book by the “Parsons’ Marino Steam Turbine Company,” to¬ 
gether with a short abstract from Prof. Ewing’s report upon the 
vessel. 

General Description of the “Turbinia” and her Engines.f— 

The “ Turbinia” is 100 feet in length, of 9 feet beam, and had a disjdace- 
mont under the trial conditions o? about 44^ tons. 81ie has three screw 
shafts, each of which is directly driven by one of Parsons’ stoani turbines. 
The turbines are of the parallel flow type, the general course of the steam 
through tiicni being parallel to the axis of rotation. In each of the three 
turbines steam enters at the forward end, and streams aft through an 
annular apace formed between the outside of a cylindrical boss, which is 
carried by the shaft, and the inside of a corresponding cylindrical casing, 
in which the turbine is enclosed. • 

The tliree turbines form a compound series. Steam being first admitted 
to the turbine E, on the starboard sule, it passes then to the turbine G, 
on the port side, and lastly, to the low-pressure turbine I, whicli is 
placed amidships. The speed is controlled by a regulator valve D, on the 
admission pipe to the high-prossuro tuibine E. When lunnmg at full 

f lower the admission pressure is about 155 lbs by gauge, or 170 lbs. abso- 
ute, and this was reduced by expansion in the turbine to about I lb. per 
square inch before the steam was discharged to the condensers, L. The 
position of the turbines and the general arrangement of the machinery are 
shown in the accompanying figures. The full-page illustration (Pig. 13) 
shows a midship section of the boat from the after end of the boiler to the 
stern, also a corresponding sectional plan. The loft-liand view (Fig. 14) 
is a transverse section through the forward end of the engine-room, looking 
aft. The right-hand view (Fig. 15) is a section showing the high-pressure, 
intermediate, and low-pressure turbines. The left-hand view (Fig. 1C) is 
a transverse section through the forward stokehold. The nght-lmnd 
view (Fig. 17) is a section at the after end of the vessel showing the 
propellers. 


*See “The Steam Turbine and its Application to the Propulsion of 
Vessels,” by The Hon. C. H. Parsons, M.A., F.R.S., Proc. I.N.A., 1903. 

t In the full-page illustration (Fig. 13) it was found necessary to bring 
the boiler A, closer to the engines than in the actual boat, and to show 
the steam pipe C as cut in order to illustrate these parts within the limits 
of the page — A.J. 
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From iho low-pressure turbine I, steam is taken by a large exhaust pipe 
K, of unusual shape and cross area to a pair*of cylindrical surface oon« 
densera L, with a total cooling «3urfaco of 4,200 square feet, through the 
tubes of which a circulation of sea water is kept up by means of hinged 
scoops projecting from the sules of th^ boat. The scoops may be set to 
make water enter at cither side and pass out at the other, so that any 



Fio. 14 .~Tkansvbr8E Section 

TUKOUUII THE FOKWARD KnD 
OF THE EnuINE • RoOM 

(Looking Aft). 



Fid. 15.—Cuos3 Sectional View, 
SHOWING THE High, Inter* 

MEDIATE AND LoW - PRESSDEB 

Turbines (Looking Aft). 



Fio. 16 .— Transverse Section 
through the Forward Stoke¬ 
hold, showing the Boiler. 



Fig 17.—View at the After 
End of the Vessel, show* 
ING THE Propellers. 


obstruction of the tubes (which are ^^c-inch internal diameter) to the flow 
may be cleared by reversing the direction of the stream. The air-pump 
H, IS a small reciprocating pump, which appears in the plan on the port 
side. It is driven by gearing from the screw shaft of turbine G. 

The turbine shafts slope down towards the stern, the middle shaft with 
an inclination of about 1 in 16, and the two side shafts with an inolioatioo 
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of about 1 in 8^. Their diameter is 2^ inches. There are three propellers 
on each shaft, making nine* in all, winch are distributed as shown m the 
plan. The screws are 18 inches in diameter and 2 feet in pitch. When 
running at full speed they make about 2,200 revolutions per minute. 

The middle shaft projects forviard through the low-pressure turbine 1, 
and has mounted on it a fan S, for forcing the draught. J\ir is delivered 
by this fan into the after stokehold, and passes to iho forward stokehold, 
round the sides of the boiler A The air pressure at full speed is about 7 
inches by water gauge. The boiler A, is a double eialoj one, and has a 
heating surface oi 1,100 square feet and 42 square feet of grate surface; 
is of the straight tube type, tlio tubes being i inch internal diameter and 
inch thickness; two return water tubes of 7-inch diameter at each end 
connect the top drum with the water pockets. The diameter of the top 
drum is 34 inches, and sullicient to onalde a tube to be drawn and replaced 
by a workman in the top drum. Steam is supplied at the working 
pressure of 210 lbs. by gauge through the stop valve H, steam pipe 0, and 
regulator valve D, to the high-pressure turbine E. 

'I'he auxiliary machinery consists, in addition to th^air pump, of a small 
spare air pump, small circulating pump for use when the scoops are not 
available, main and spare feed pumps, hilge ejector, and oil pump for 
maintaining a circulation of oil through the beanngs of the turbine sWfts 
and through the thrust blocks. The total weight of the turbine engines 
is 3 tons 13 cwts. 

For the purpose of reversing the motion, a separate turbine 0, is pro¬ 
vided between the low-pressure turbine I, and the Ian S. When the boat 
is going ahead, this reversing turbine (), being permanently mounted on 
the central propeller shaft, will revolve, but its casing will be kept con¬ 
nected to the condensers, and the amount of work spent in turning the 
turbir/e shaft will bo insignificant. 

The mechanical friction of the turbines is particularly small, and the 
work spent on friction is not materially increased by increasing the range 
of expansion. This allow’s the steam to bo profitably expaniUnl much 
farther than would be useful or even practicable in an engine of the 
ordinary kind. Apart from questions of friction, the addition of weight 
and bulk to allow for this extended expansion would be enormous in the 
ordinary engine. In the turbine it is very moderate. Steam is expanded 
nearly two hundredfold in the “Turbinia,” and this is accomplished with 
engines which are much lighter than reciprocating engines of the same 
power, although in these the expansion would bo much less complete. 
Taking the propulsive coefficient as ‘5, then the steam in the full-power 
trials was doing work in the turbines at the rate of about 2,100 H.P., and 
the Consumption of the steam was barely lbs. per H.P.-hour. 

The Advantages of One Propeller on Each Shaft.—In May, 
1902, trials were made with only one propeller on each propeller- 
shaft, instead of the three which had been originally fitted to 
each shaft. These propellers were each 28 inches diameter and 
28 inches pitch. The results of the single propellers show the 
greatest advantage at about 21 knots, where the gain in speed 
over the former arrangement amounted to 2 knots. The loss of 
efficiency which had been observed at certain sjjeeds in some 
vessels fitted with tandem pro|iellers on each shaft, seems to be 
due to “ interference ” in the proper flow of the water. 
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Tutbin© ■ driven Boats for Commercial Purposes — “ ffing 
Edward.” 

Hhtory, Sizes, Turbines, and 'Propelh.rs .—The first passenger vessel to 
be propelled by steam turbines was tlic “ King Edward/’ This boat was 
built in tlie spring of 1901 by Messrs. Af. Denny & Eros., of Dumbarton, 
and engined by tlie Tarsotis Marino Steam Turbine Company, Ltd., to the 
order of Captain John William.son, of (Uasgow. The lengtli is 250 feet, 
the beam 30 feet, >vith about 6 feet draught of water. The turbines are 
similar in construction to tliose of tlie “ Turbinia,” and consist of three 
turbines—viz., one high pressure driving the centre shaft and two of low 
pressure w'orking in parallel for driving the side shafts. In the exhaust 
casing common to the low-pressure turbines i.s placed the reversing turbine. 
On the centre shaft there is one propcdler of 57 inches diameter, and on 
each of the side shafts are two propellers of 40 inches diameter at about 
9 feet apart 
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The 500 K W Curtis Stenm Turbo-Generator. 

Maclo by THE BRITISH THOMSON-HOUSTON CO, LTD , Rugby. 




TIIR CURTIS TUUmNE. 


Trial and Spttd. —Th© trial of the “ King Edward” was made on June 
26, 1901, in the Clyde, along the Skelmorlie mile, when a mean speed of 
20 48 knots was recorded, the revolutions of the centre shaft being 605, 
and the side shafts 765. 

Power and Goal Consumplion .—The indicated horse-power was estimated 
to be 3,500 from model experiments in the tank at Diinibarton. The 
average sea speed on the run of about 1(50 mdes to Campbeltown and 
back in the 1901 season was 19 knots, and the average coal ronsumption, 
including lighting up, &(; , was 18 tons per day, or I S lbs. per e(^uivalent 
indicated horsc-power-hour. 

The Curtis Turbine.—This turbine was fust made by Mr. C. 
G. Curtis, of New York, in 1896. It is manufactured by the 
General Electric Co., U.S.A., as well as by the British Thomson- 
Houston Co., of Rugby, to whom and to The Tramway and 
Railway World, of Lonilon, we are indebted for the following 
illustrations and data. As will be seen from tlie accompanying 
Plate, showing the outside view, and Fig. 19, this turbine differs 
in outward form from tiio previous kinds. The dynamo is 
placed immediately over the turbine, and thus the whole 
makes a very compact plant by occupying a minimum of floor 
space. It avoids the very high speeds of the De Laval and 
does not possess the very great number of vanes of the Parsons 
turbine. The torque is a maximum when the turbine wheel U 
at a standstill, aud would become zero if the velocity of the 
periphery could attain the velocity of tlie steam jets. Hence, a 
maximum output as well as the best economy are obtained when 
the torque is one-half the maximum, where the velocity of the 
periphery is about one-half the natural velocity of tlie steam. 
It was shown in the description of the De Laval turbine, that 
1 lb. of dry saturated steam, when expanding from a pressure of 
175 lbs. absolute down to atmospheric pressure, acquires a 
velocity of about 2,900 feet per second ; whereas, if we carry 
this expansion down to 1 lb. absolute, then the steam acquires a 
velocity of about 4,000 feet per second. 

\Vv2 

Now, since the kinetic energy, - -jr—, we get, in the first 

case, 130,590 foot-lbs. per lb. of steam used, and, in the second 
case, 248,447 foot-lbs. per lb. of steam ; from which, it will be 
seen, that only about one-lialf of the available energy of the 
steam is usefully applied when expanding down to atmospheric 
pressure. But 1 kw.-hour is equal to 2,660,000 foot-lbs. 
Therefore, by calculation, for the second case (where the steam 
expands to 1 lb. absolute) only about lOJ lbs. of steam are 
required per kw.-hour. Consequently, if the turbine actually 
requires 20 lbs. of steam per kw.-hour with a 28-inch vacuum, 
whilst running under the latter conditions, we obtain 53 per 
cent, of the available energy in the steam as useful work. 
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'J’liis table 13 an abstract of the more complete table ^iven by Dr. Robert Caud m his recent lecture on Develop¬ 
ments in the Means of C ommnmcaiioii by C'ca during the Xineteenth Centurv," as fleluered by him on 6th April. 1004, 
before the Roval Philo^'iphic al Society of (JIasi_'o\v ''ince then, both the turbine steaiuers “ Luiitania and the 
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Fi’oin n<‘hi;il ioKt ivcr-iilly m.ulo of a 500 kw. Curtin ti'O'- 
bine at Cork, it was found that tlio stoam coiisuinpt was 20 5 lbs. 
per kw -hour, usin^ stoam at'150 lbs. per square incli, superheated 
100° F. and with a 27-inch vacuum. But, when the vacuum was 
improved to inches, and tlu; "superheat raised to 150' F., the 
steam consumpt loll to 19 lbs per kw.-liour, which is C([ui.va!ent 
to l‘t lbs of steam i)er H.B. liour. 
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Fig. 20.—Di\gram of Nozzi.fs avp Huokkts in tuk 
Curtis Stuam 'rruiiiNK. 

General Description of a 500 Kw. Curtis Turbine.-Tho .lOO-kw. 
turluno 19 and 20) lua ilitoo wheels or rows of movable buckets 

in each of the two stages of the steam expansion. Kach wheel consista 
of a solid steel disc witli the buckets cut from the solnl liin, and the 
three w’hoels are holteil to a oommon hub which fits tlio shaft. Jhe 
total number of buckets on the wheels m this turbine is only l.-SOa, 
which is but a small number compared with that of a Farsons tmbina 
giving the same output. 
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The stationary buckets h(jvo approximately the same ahipo as the wheel 
buclvcls, and are fixed to tlio casing of the tiirbino The number of 
Btali'Uiarv buckets is dependent on the nuifiber of no/./.les in the stage, as 
th<;y nee<l only cover tlie same p<“riphery of the wliei'U as the nozzles. 

On account of the large increase^n V(.)lumo of the steam and to keep the 
depth of the Imckels as small as p<issiblo, the wln cls in tlie last stage of 
expansK/n are completely sui loiimb'd l)y nuz/.les ami slaliunary liuckets. 

in the most recent desiens of tins turbine, tlie <'Oii3truolion of the wheels 
has liten sligiiLly niodilied frnm that indieated al>ovc. * Instead of using 
separate discs boiled logellicr, a single cast-stccl wiiocl is used with iho 
bucket rings or segments l)uUed to tlie sides at the periphery of tlio wheel. 

Nozzles and Buckets.—*^team is admitted tlirough a nunilior tif 
nozzles which aro sliehtly coni'al in these nozzles the .steam parti.illy 
expands and acquires a velocity of aliout 2,OUO feet per second in a four* 
stage Intbino, thus con\ertuig pai t of its potential energy into kinotio 
energy duo to its expansion After leaving the nozzles, the steam (lassea 
successively thiougli two or nioio hues of buckets, as shown by Fig. 20. 
Steam is directed again.st tlio liisf set of movable buek<;ts, and tlicn re* 
directed against llio second moving set of Imckeks by passing through the 
first set of the lixed buclvcLs, and so on, until it enters the next stage, 
where the same seipienee of events take place, until the steam is finally 
brought to rest in the condenser. 

By tins means a high steam velocity is rmule to etficiontly impart motion 
to a comparatively slow-ni'iving wlieci 

'Ihonozz.Io IS gom r.illy made up of many sections or units adjacent to 
each other, so that the si earn passes to the Imekets in a broad sheet when 
all the sections are open 

T ins pioocss of o\[)ansion in the nuzzle, and Hub3e([uent ab3tra< tion of the 
velocity »f the stc.im by successive impacts of gtadiially (limiiii.''hing forco 
upon (lie buckets is re[)caU'd two or inoK; Lillies, each such complete 
r(q)ct.lion being ilesignatcd as a stage 'I’lieio aro various numliors of 
stages Old vai 10113 numliers of line.s of bin-kots in each -st.ige. 'I'he number 
of stages and tho luunbei of hues of buckets iii each stage are governed by 
the degree of expansion, tlie dc.saalile or piacticahlo pciiplieral velocity of 
tho buckets, and liy various conditions of ineclianical expediency. 

A steam-ligiit diajihragm is placc<l lietween eacli stage T'lio only outlet 
for tho steam to pass into ihe next stage is tliroiigh tho nozzles in tiic said 
diaphragm. 

Tho leakages in tlio buckets aio, therefore, not total losses except in tho 
last stage, since tho steani iias to pass tliiougli tiie mv.zlos in the succeeding 
diaphragm and thus do still furtlier work. 

Clearance hclwoii Slaliomny and Rotadmj liladc-M. —'I’he clearances 
bctwcim stationary and rotating parts vary from 02 inch in the small to 
•08 inch in #.ho 5,000 kw'. turbine. These are tho clearances between 
the outer sliiouding of the buckets and tho rings of niet'il from wliudi tlie 
buckets aio cut. 'I'ho liuckets are made a Iitth- n.inower than tho rings 
from which they aie cut, so that they should not come into contact with 
each other, oven if tho rings touch each other. 

'Hie adjustment of the clearance is made by moans of the heavy screw 
bolt shown at the bottom of the step bearing, which supports tho footstep 
blocks (Fig. 19). Inspection holes aro providofl in the ca.3ing, so that the 
clearances between the buckets may be observed from time to time. 

Centrifugal Governor.—The governor is of the centrifugal spring 
loaded type, and is generally sot for a speed regulation of 2 per cent, 
between full and no load, with a maximum nionieiitary variation of 4 per 
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cent. For the purpose of syDohronising, and to make the turbine take iU 
proportional share of the load, a supplementary spring is introduced, 
which acts in conjunction with the main governor spring, and allows the 
speed of the turbine to be varfM 2^ per cent on each side of the normal 
speed. 

In the smaller turbines, this adjnstmdnt is made by a hand-wheel placed 
in a convenient position near to the mam throttle valve. In the larger 
turbines, from l,5h0 kw. and upwards, a small motor actuates this spring. 
The motor is controlled by a double pole, <louble throw switch, placed on 
the switchboard, or at any other convenient position. The centrifugal 
governor, whicli is situated at the extreme top of the vertical shaft, 
operates a controller for opening or closing the electrical circuits of th^ 
magnets, which actuate the pilot \alvos. These pilot valves in turn admit 
or exhaust steam from the sjiaoes behind tlie pistons of the main valves, one 
of wliich 18 provided for each nozzle or group of nozzles. The governor 
thus opens and closes those valves, and varies the number of nozzles in 
service in proportion to the load. Since each nozzle represents a corn* 
paratively large proportion of the whole power at light loads, one of these 
valves would be called upon to open and close alternately in rapid succes¬ 
sion, in order to hold the speed constant. 'I'o avoid this, a balanced throttle 
valve IS placed m series in the steam patii of the first valve and correspond¬ 
ing nozzle, and so connected to the centrifugal governor that it roust be 
fully opened before the governor can open the next valve, and again fully 
closed before the controller moves backwards and closes the valve last 


opened. The result is, that the turbine can run at a constant speed on any 
load, although only a binall portion of the steam will bo throttled. Thus, 
the following disadvantages are avoided:—(1) Admitting steam to the 
buckets in pulTfl, for the.se puffs tend to create a variation in speed at 
light loads, and to make the parallel running of the generators difficult j 
end (2) of throttling the wiiolc steam flow. 

The nozzles in the later stages are also, in some of the turbines, opened 
and closed by the govcrn<^r so as to maintain an adjustment of pressures 
proportional to that of the first stage, and thus still further tend to steady 
running, under wule and (jnick ranges of load. 

A sufficient number of nozzles are provided in the first stage to run the 
turbine non-condensing at full load. Hence the turbine has an overload 
output of about 100 per cent, when condensing with a 28-inch vacuum. 

Emergency Governor.—In addition to the speed regulating go\emor, 
an emergency governor is provided, whose function is to trip a trigger, 
should the speed of the turbine increase 16 per cent, above the normal 
The tripping action permits a weight to fall and give a hammer blow 
instantaneously to a butterfly or damper valve in the main steam pipe, 
thus closing the valve. This emergency governor is located on the shaft 
between the turbine and the generator, and consists of an ordinary centri-- 
fugal device balanced against a spring. The governor automatically returns 
itself to normal position when the speed is reduced, so that it is not 
necessary to stop the turbine, but the butterfly valve and weight must be 
brought to their starting position by hand. Such a precautionary device 
is rarely brought into action, but experience with large engines has shown 
it to be desirj^le. 

Vertical Shaft, Footstep Bearing and Oiling Arr^gement- 
One of the most noticeable features in the Curtis turbine is the vertical 
shaft. This type of construction has been adopted for all sizes from 
600 kw. upwards. , . , • u • c j 

The use of a vertical shaft necessitate-^ a footstep bearmg, which is nxea 
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to the bottom of the base, and removable from below through a pit or 
opening, provided m tho*foundat,ion for this purpose. Tlie bearing 
part proper, which supports the rotating elements of the tuibine and 
generator, conaista of two circular cast-iron plates, one fixed to and rotat¬ 
ing with the .shaft, the other fixed to the ba'^o. Oil is forced between these 
plates through a hole in tlie statuuftiry plate, from tlio cent re outwards in 
a thin film, separating the two plates by about 005 of an inch. From the 



Fig. 21.— Showing Comparative Sizes of a r),0<K)-Kw 75-REvouTTioNa* 
PER-MINDTK CoULISS KnOISK WITH (JknF.RATOK, AND OF A 5,<X)0-Kw. 
500-REVOLUTIONS-PER-MINUTK CUHTIS TuKIONK with tlENKKATOH. 


footstep bearing the oil passes upwards, and lubricates the guide Uiaring 
which 18 placi d immediately above it. The oil is forced between the plates 
by a pressure pump, designeil to give approximately a constant [ircssiiro 
and a constant flow.* The pressure renuircd depends upon the weight of 
the rotating part and the area of the bearing blocks, an<l in u small degree 
upon the temperature of the oil. The side thrust of the steam jet on the 


* See the author’s Text-Book of Applxed Afechanics and Mechanical 
Engineering, vol. i., Lecture VI., ** Methods of Lubricating Footstep 
Bearings,” ^ 
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buckets is not noticeable, as the oil pressure required is exactly the same, 
whether the turbine is standing still or rotatir/g. The oil pressure in tlie 
step bearing, vanes from 175 lbs. per square incli in the oUO-kw. to about 
900 lbs. per square inch in tlio 5,000-]c\v. tiirbinu. Ilxpeiiiiients have 
demonstrated, that the safe inininiuni amount of oil requit ed tor the bearings, 
is from half-a^gallon for the r»tV) l^w. (o four gallons per minute for the 
6,000-kw. turbine. A small amount of tins oil is shunted through.a resist¬ 
ance, and delivered to a tank placed above the level of tlie turbine The 
oil flows by gravity from this tank to the iipja-r and middle bearings, and 
a sight-feed is introduced for each branch The oil fiom all tliree bearings 
is returned to one common tank, wliero it is strained and (aiolcd before 
being again put in circulation. 

To prevent the turbine being run either l)y .steam or through the 
generator acting as a motor before oil begi ns to flow in the 8te[> hearing, or, 
in case the flow shoiihl cease while tlio turbine, is working, an automatic 
oil flow switch IB placed in the Jiigh-pressurc oil supply pi[)o. Tins switch 
is actuated by the oil pressure. It opens an<i closc.s tiie, electric circuit for 
the valve magnets, in response (o the change of pi- ssmes in the pipe. If 
the flow of oil in the bearing falls below tlie [U'e-deterniined (juantity or 
pressure, the switch opens the valve circuit, and all tlie valves close, and 
thereby immediately shut off the steam from the turbine When the 
switch opens, a special relay is closed, w'liieh trips the generator oircuit- 
breaker and prevents the generator from running as a motor and driving 
the turbine. 

Bearings.—Tlio upper and middle bearings of the vet tieal shaft have no 
load to carry save that duo to w.uit of b.d.uiee, .ui<l to any unbalanced 
magnetic pull in the generator. All the Ix-aniigs can be taken out without 
disturbing the turbine or gcneratoi. 'I'he footstep blocks and the guide 
bearing are lowered into the pit below, the riixldle beating is sjilit iij halves, 
and can bo reniovo<l sideways, whilst the upper beanng’is lifted out. As 
the step bearing works under atmospheric jiressiiic, it is tiecessary to 
provide packing rings round tin; shaft at this point, to prevent air entering 
the exhaust base when tlie tuibim? is working under a vaeuuni, or steam 
escaping, when the pressure of the steam within the turbine shell is higher 
than the atinospheiic pressure hor tlu'same reason jiaoking is provided 
wliore the ujiper end of the sliaft passes through the turbine cover. 

It will thus be seen that special attention lias bemi given by the designers 
of this turbine to ensure tlie sweet, uniform, continuous working of every 
part of this prime motor. 

Efficiency of Turbines.*— it is essential that the woid elficiency 
should bo clearly defined, in oriler to avoid any misconee})tion as to the figures 
which are given below Prof Katoau uses the expression, “theoretical 
consumption of tlie perfect machine,” to denote (lie niaximuni w’ork which 
the steam is capable of supplying when starting from tho saturated or 
superheated condition in which tins steam is delivered to tho engine, and 
expanding adiabatically, with no loss of admi.ssmn [)ie.sHuro P, to exhaust 
pressure/), liy comparing tlie acliial consumption of steam as measured 
during tho tests of the machine with this theoretical consumption of the 


* Prof. A. Rateau, of Paris, in his 1904 paper at tlie Chicago joint 
meeting of the A.S. M.E. and I. M.lil , of I.,nndon, stated tho above formula?, 
to which the author has added a few romai ks about the value of tho French 
H.P. Students should try how far (lie formula for steam conaumpt in 
British H.P. agrees with those previously given in this lecture. 
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perfect machine for identic^ conditions of pressure and similar states ol 
the ateani» the not eflicioncy of the machine is olitained. After special 
study of the qiiostiun, I’luf. Ratoau has •been able to draw a curve of 
theoretical consumption ami to demo from it tho following empirical 
formula for use wtum tlie ste.ini is ^^ltllrated and diy at adimssion :— 

c. . A .. - d 92 log V 

bteam consunipt = 0 bvi + , , . 

log V - log p 

This fonmiLi. gives the consumption in kilograniinos per H.P.diour as 
a function of tho absDiulo pn-ssures P aiul /», expressed in kilogrammes 
pi-i Hijuaio cm. 'I’hc If i\ lioio useil is tho Fieiich “ Force de Chevai'' = 
75 kg. m/s, or 75 kilogi aninie-moire.s per second = 750 watts = 542‘48 ft.dbs. 
per second = •9865 liiuish horse-power. 

In British measures ihis formula bocumes — 


Steam consumpt = 2'18 + 


1() 20 - 2 05 log P 
log P - log;, ' 


whoi 0 the steam consum])tion is in lbs per If.P. -hour, with F and p in lbs. 
per square inch If tlie steam admitted to the turlmics is superheated, 
then, of course, in '“siimiting tho tlicoietical consumption, the extra 
calorific energy, coiies[ioiiding to t)io siiperhoat, must bo taken into 
account. 


Advantages and Chief Features of Steam Turbines. 

1. No cyhiulor lubrication i.s rcfjuiicd, and no “travelling 
oil cans*’ are necessary. (Jonsequently, as the condensed steam 
is peif<*ctly clean and free from oil, it can be pumped back into 
the honor without any puriiication, thus saving the costly 
oil separating plant, winch is usually fitted to large installations 
for puiifying pui jiosos. 

2. The reciprocating engine is now very nearly as perfect as 
it is likely to be_, both from a ineclninical and thermal point of 
view. 

3. The dryest and practicable pre.s.sure of steam, with 

any amount of .supi^rheat, may bo used if clearance and proper 
material to withstaiul eiosion lie adopted m the construction of 
the turbine. 

4. 'rhey*use no more steam than the highest grade recipro¬ 
cating engine. 

5. The expansion of the steam can be carried to its extreme 
limit much more conveniently m turbines than in reciprocating 
engines. 

•> As there are uo reciprocating motions inside the turbine, 
all vibrations and noise aie minimised. 

7. On account ot tho practical absence of vibration, neither 
special foundations nor holding down bolts arc required. 

8. Overloading can be indulged in to a large extent. 



204 


LECTHUE xvl. 


9. They give a unifoi ni turning moment. 

10. Being the simplest form ot engine, tliey require consider¬ 
ably less attendance and occupy one-liftli to one-tenth the cubic 
space ot a reciprocating engine. ‘ 

11. Steam turbines should be cheaper to build than recipro¬ 
cating steam engines of equal horse-power. 

12. Owing to their capability of producing great power at 
high speed, steam turbines coupled direct to ventilators and 
centrifugal pumps exhibit very good results. 



QUESTIONS. 


Lk' rcKK \\ I - **/'’■''Ticns. 

1. Deduce in full detail from»the first principles of thermodynamics a 
formula, whereby the heat units due in the shape of work done by each lb. 
of steam may ne accurately calculated. Then, make any permissible 
modifications upon your formula in order to simplify it for easier computa¬ 
tion, and state clearly the assumptions upon which* your modifications 
are based. Test your formula by ascortaming the velocity and kinetic 
energy per lb. of dry steam entering a Do Laval nozzle at 115 lbs absolute, 
and leaving the wheel under a 25 and a 28-incli vacuum. 

2. Find the velocity of the steam issuing from the conical nozzle of a 
De Laval turbine when the initial pressure of dry ste.im is IfiO lbs. per 
square inch by gauge, and when it expands adiabatically m the nozzle and 
leaves it at a pressure of 2'4 lbs. per square inch, lirst use tlio formula 
given in the previous lecture, and then Mactarlano Gray s formula in this 
lecture, for finding the velocity of the steam. State the dilForences in 
your calculated results as a f or — percentage error from tliat found on 
page 214 in the previous lecture. 

3. Give a short illustrated deficrintion of the impelling or torque action 
of steam on the moving blailes of a continuous expansion, parallel-flow 
turbine Try to illustrate, not only the directions in which the steam 
passes the fixed and moving blades, but also show, by aid of graphic 
statics, the percentage resultant toniue. 

4. Give a neat freehand sectional elevation of Parsons’ compound turbine, 
with a complete index to parts, show the several fittings and state 
their respective functions, as well as how they act in sequence. 

6 . Describe, with sketches, a Parsons’ steam turbine. State why it is 
necessary to make the steam go m series through many elementary 
turbines. • . , , 

6 . Explain in outline the principle and arrangement of a I arsons steam 
turbine. (I.C.E., Fth.y 1903) You may bo guide.l in answering this 
question by Fig. 5, which shows the outsnle longitudinal view of the 
general arrangement of the turbine as applieil to the driving of dynamos. 

7. Sketch and describe the construction and action of the electric 
governing arrangements for a Parsons'turbine. What Hpecial tuiicLions 
docs it perform, and how are the.'^e elTocted? Is it ne<'e5.sary to havo a 
hand-lever connected to the rod eoiqiling the governor with the emergency 
admission valve? If not, why not; if so, why! 

8 . Sketch and describe the construction and action of the mechanical 
governing arrangement for a Parsons’ turbine. Which sjiecial functions 
does it perform when the engine is also fitted with an electric governor, 
and how ire these severally cflected? How may two centrifugal governors 
replace one such governor and an electric one ? For which kind of applica¬ 
tions are these two systems of governing specially adapted, and why ? 

9. Sketch freehand an outside view and longitudinal section of the Brush 
Parsons turbo-alternator. Place the necessary index letters at ttie most 
important parts, and describe concisely by aid of these letters the con 
struotioD and action of the several parts of these machines. Give a short 
explanation of the course followed by the steam in passing from the 
admission valve to the exhaust pipe in this turbine. How is the leakage 

of air past the end glands prevented? 

10. Sketch and describe the typo of bearing used in^^mall 1 arsons 
turbin es . Enumerate the chief features of these “ flexible bearings. 
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11. State what you know regarding the relative floor spaces, heights, 
and volumes occupied by l^arbons’ turbines aad reciprocating engines ol 
the same power. 

12. Give the necessary condiClons for obtaining tlio best vacuum with 
steam turbines. State the relative amounts of cooling water U'liich t'liould 
bo allowed during condensation at full-load steam cunaum[)tion with a 
turbine, as comfiared witli that of a reciprocating engine. 

I'h Illustrate and describe tlio piineijilo and action of the vacuum 
augmentor. I'.xpluin clearly, by aid of a diagram liko Fig. 12, how and 
why it IS inij)Oit;uit*to have a very good vacuum with steam turbinos. 

14. Plot on s<|uaicd paper the data given on page 27'* for tlie 
fiOO kw. turbo-alteinator. 

15. (live a concise general description of the “Tuibinia” and its 
turbines. Illustrate your answer by ncatly-drawm skctclies, and use index 
letters to rejiresent the diflerent paits. 

16. Why IS the ellieiency higlicr with one jiropcller than with three 
propellers on each turbine shaft? 

17. Give a frceliand sketch of (a) an outside view, (h) a lialf outside view 
and half section, and {<•] a section through tlie nozzles and blades of a 
Curtis turbine. Place the rcqui.sito index lett'-rs upon your sketches and 
give an explanatory index to the chief paits Show how'the bteani pa.s.se 3 
through the no/z/.les and blades, &e Also state how the various moving 
parts are made, lubricated, balanced, and governed. 

Compare, by aid of sketches, the lespectivo mciits and <lumeMt8 ot 
tlie De Laval, Paisons, •ind Curtis tuibiiicM 8Late for which Kind of 
work each turbine is best adapLi'd. 

10. Wliat advantages are claimed for the governing of the Curtis tuibine 
over the Parsons Imbine? Wliat precautions aie taken to ju'event (ho 
possibility of the tuiluiie being started before the oil begins to How in the 
ate{) bearing, and at wliat prcssuio is tlio oil sup[>lie<l to tins beaiing? 
Give a ready estimate of the amount of oil rocpiired per mmiito for the 
healings in this tuiluno 

'‘20- Enumerate the several advantages and the chief featuicsof steam 
liirhines. 

21. ComjKire Piof. Rateau’s empirical formula witli the one given in 
conncclion wuth the De Laval and the other given in connection with the 
Parsons turbine Al.so check these formulie b\' drawing an adial>atic curve 
to a scale of d inch per Ih. of jiressurc and pi-r cubic foot of volume, 
when using dry admission-steam of 215 lbs per square inch ab.solute and 
expanding dowm to lb. ab.solute. Now, asceitaiii the full aiea of your 
diiigrani of Work. You may hnil the area of possible woik done by any 
«unple rule, or by u.so of a planimeter 
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LAND BOILERS, MECHANICAL STOKERS, DUEL ECONOMISERS. 

Contents —Waggon Boiler—P2gg-Ended Boiler Cornish Boiler—Lanca¬ 
shire Boiler- Penman’s Higli- and Ordinaiy-Pressine Lancashire 
Boilers—Water-'J'ubo Boileus -Babcock & Wilcox* Boilor—Babcock & 
Wilcox Steam Superheater—Economy and Kango of Suporlveating— 
Specification of liabcock & Wilcox Boilers and Klocliamcal Stokers— 
Vertical Boilers—Cochran’s Vertical Boiler—Auld’s Sleam-Koduciug 
Valve—Prevention of Smoke—Mcldriim’s Forced Draught and Waste 
Fuel Furnace—Vicar’s Meclianical Stoker—Green’s Fuel Economiser 
and 'IV'-t'v Hnpkm^t'in- lanti Sfnp Valve -(,>nest ions. 

It is not our infontion in this Imdnn- to (‘liter into tho oarly 
history of Stoam Boikos so fully as we treated the early 
history of the Steam Engine, since the former were not made 
with any regard to known mechanical principles, but merely of 
the form most convenient to the manufacturer. 

Among the earliest types of boilers of any note, the old 
>^})herical boiler, and the haystack boiler of Smeaton, occupied 
foremost positions. The latter kind was largely used prior to 
the time of Watt, and consi.sted of a .seriiNS of thmged cast-iron 
rings, wliich were fixed togiRlier by means of bolts passing 
through the flanges. The top of the boiler was hemispherical, 
and also of castriroii, and the boiler was lired from beneath. 
Many of the engines of the Newcomen ‘ type, which were 
lilLcJ up ii) ;Miiciion, \.tnc tmpplivd wild boileis ot Lins kind. 

Waggon Boiler.—The '■^wagyon'' boiler, so called from its 
resemblance in shape to a carrier’s waggon, was introduced by 
Watt, and supplied By liim along with most of his engines. It 
is illustrati'd m longitudinal and cross section in the following 
diagram taken 1‘rom Prof. Ilankine’s book on The Steam Engine. 

The top of this boiler was circular, and the sides and bottom 
concave, as shown by the cross s(^ction. The sides were sometimes 
made flat, but concave sides sc'ciii to have been more general. 
The fire-grate was situated underneatli the boiler, and is shown 
at A. The flame and products of combustion passed from the 
tire-grate under the boilor to the end ; liere, they entered one of 
the lateral flues, N, and traversed along one side of the boiler, 
across the front end, and back along the other side to where 
they passed into the chimney. Tlii.s arrangement of conveying 
the products of combustion round the boiler was known as the 
wheel draughty since the gases circulat(‘d from the back end 
right round the boiler. Tn the larger sizes of waggon boileri 



for iiojior M for Man-hole. 

A ,, Fire-grate. V „ Safety Valve. 

N ,, Lateral flues. F ,, Float. 

8andW,, Steam and Water cocks. X ,, Chimney. 

along this central flue to the front. Here the gases divided, 
and moved back to the chimney at the other end of the boiler 
through the lateral or side flues on both sides. This method of 
conducting the gases round the boiler was termed , a split 
draught, since the gases divided at the front end of the boiler 
The column of water in the vertical feed pipe formed the 
pressure gauge, and the damper was controlled by the rise and 
fall of this column. The water level was regulated by a float 
arrangement shown at F. The float rose and fell with the 
water level in the boiler. In falling it opened a valve in the 
vertical feed pipe, which admitted water, whilst in rising it 
closed this valve. This arrangement is one which is only 
suitable for the very low pressures (from 6 to 10 lbs. per square 
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inch) at which these^ boilers were worked, since it is evident 
that with high-pressure steam the vertical pipe would become 
inconveniently high. ‘ 

The waggon boiler was tl^e style of boiler in most general use 
in this country for a long time, and it was not until about the 
year 1830 that it began to give place to forms more capable of 
resisting internal pressure. Its form rendered it suitable only 
for the very low pressures which Watt used,' and even then it 
required to be stayed in the manner shown in the cross section 
in order to prevent deformation. 

Egg-Ended Boiler.—When a higher pressure than about 15 Iba. 
per square inch became generally adopted, engineers were com¬ 
pelled to resort to cylindrical boilers. One of the first forms of 
cylindrical boilers tried was that known as the egg-ended boiler. 
This boiler was cylindrical with hemispherical ends. It was 
simple to construct, and reejuired no staying whatever. The 
arrangements for firing and conducting the products of combus¬ 
tion round this form of boiler, were the same as those previously 
in use for waggon boilers, but there was the difficulty of obtaining 
sufficient heating surface. In order to obtain a moderate extent 
of heating surface, boilers of this kind re<juired to be made very 
long in proportion to their diameter. It also had one serious 
defect, which was not found in the waggon boiler, viz., all 
seditoent collected in the bottom of the boiler where the heat 
was greatest, and the plates were thus liable to get burned. In 
the waggon boiler the sediment collectec^ in the two bottom 
comers, and these were not expos(“d to the most intense heat. 

A modification of the egg-ended boiler, known as the “French” 
boiler (sometimes as the “ elephant” boiler) was much used in 
France. 


Cornish Boiler.—^Tn order to increase the In ating surface ol 
egg-ended boilers, they were latterly constructed with a flue 
passing from end to end. The products of combustion from the 
fire-gr%te underneath the boil(‘r, after moving to the back end, 
returned through the flu(^ to the front end, and tlien passed back 
to the chimney along the lateral or side flues as in the improved 
waggon boiler. When, however, it was discovcjred that the 
radiation of heat from a boiler furnace amounti^d to 20 or 30 pei 
cent, of the total heat of combustion, the furnaces were placed 
inside this flue, so as to impart to the water surrounding the 
flue, more of the heat radiated from the furnace. Boilers of this 
kind were introduced by Trevithick, and since they were first 
used to work the pumping engines at the Oornish mines, they 
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are known as Cornish boilers. The following diagram shows s 
longitudinal and a cross section through a Cornish boiler as now 
commonly constructed ;— , 



CoKNisn Boilkb. 


BS represents the Boiler shell. 


pp 

„ Furnace flue. 

PG 

,, Fire-grate. 

DP 

,, Dead plate. 

B 

„ Bndge. 

FD 

,, Fire door. 

LF „ 

„ Lateral or a 


flues. 


1{ b' represents the Bottom flue to 
chimney. 


(IS 


,, Gusset Stays. 

M 


,, Manhole. 

SV8 


,, Safety valve 



seat. 

P8P 


,, Perforated 


Steam Pipe. 


The products of combustion pass from the fire-grate through 
the flue to the back end of the boiler, where they divide and 
return to the front end along the two lateral or side flues. At 
the front, the products of combustion pass down to the bottom 
flue, and re-uniting move off to the chimney in contact with the 
bottom of the boiler. By this arrangement the gases are reduced 
in temperature before coming in contact with the bottom of the 
boiler, where all sediment collects, and there is, therefore, no 
danger of burning the plates on the under side of the boiler. 
Sometimes the gases are discharged direct from the furnace flue 
into the lower flue; but, unless in the case of very long boilers, 
where the gases may be considerably cooled before leaving the 
furnace flue, or where the water is very pure, this plan is 
objectionable, since the underneath plates on which secyment 
accumulates are liable to get burned. 

The flues in the boiler shown are welded at the longitudinal 
joints, and the several rings are joined together by Adamson's 
flanged joints. The front end plate is attached by an outside 
angle iron ring, and the back end plate by an inside angle 
iron ring, and these end plates are stayed to the shell by 
gusset plates. The furnace bars are made in two lengths, and 
are supported at mid-length by a cross bearer. At the front end 
these bars rest upon the dead plate, and at the back end they 
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are supported by the fire-brick bridge. When air is admitted to 
the furnace flue at tbh bridge, a cast-iron stool usually supports 
the furnace bars and the fire-brick, and a suitable sliding door is 
fitted to the stool, the opening of which for the admission of air 
is controlled from the furnace mouth. As a rule, however, the 
whole of the bridge is constructed of fire brick. The external 
flues are built of ordinary bricks, hut are always lined in the 
inside with fire-brick. 

Lancashire Boiler.—The Cornish boiler is only suitable for 
small powers, since the length of the tire-grate cannot be in¬ 
creased beyond that conveniently worked by firemen, which is 
usually from 5 to 7 feet, and a flue of large diameter is weak, 
unless made of very tliick places. Hence, when a large quantity 
of steam is required, tlie construction of the boiler is modified by 
having two flues of moderate size fitted into it instead of one. 
This, then, forms what is termed the Lancashire boiler. In 
every other respect it is exactly the same as the Cornish boiler. 

In the Lancashire boiler the furnaces are usually fired 
alternately, so that while the one may be giving off smoke and 
unburnt hydrocarbon gases, the other shall be burning briskly, 
and with its greatest heating effect. By this arrangement, when 
the gases from the two furnaces mix in the external flues, the 
unburnt gases given off by the green fire are raised to the point 
of igjiition by the greater heat of the gases from the brighter 
fire, and are thereby l>urnt by mixing witli the excess of heated 
air which has passed tlirougii the other furnace. 
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«« Lancashire Boiler with Fox's Corrugated Fumaees and Fines 
'\tu Coloured Plate ).—If the student willt first of all compare 
each detail in the “index to parts” with the different views of 
this Lancashire boiler and then refer to these parts again when 
studying the following extracts from the specification, he should 
thoroughly understand its construction as well as the materials 
of which the more important parts are made :— 

The Shell 0 S, to \>3 30 feet long by 9 ieet in diameter, and H inoh thick, 
of Siemens mild steel. These plates to have a tensile strength of from 26 
to 30 tons per square inch, with an elongation of 20 per cent, in a length 
of 10 inches. Each complete oircumfcrential sliell ring to bo made in one 

S late. The seams to be butt*strapped inside and outside. All holes to be 
rilled and riveted together by means of six rows of rivets. 'Ihuse longi* 
tudinal seams to be clear of the brickwork. The circular seams to he 
double-riveted. The edges of all plates to be planed and caulked inside 
and outside, and the corners thinned by Penman's patent machine, so as to 
avoid fracture by local heating. The front and the back end-plates to be 
attached to the snell by their flanges. 

Fox's Corrugated Flues F C F, to be two in number, 3 feet 8 inches out¬ 
side diameter, and tapered down on the last ring to 3 feet If inches by 
4 inch thick, of Siemens mild steel boiler plates. These plates to have a 
tensile strength of from 24 to 28 tons per square inch, with au elongation 
of about 25 per cent, in a length of 10 inches. 

End-Plates. —The boiler ends to be each of one plate, j inch thick, of 
Siemens mild steel, and to have a tensile stiongth of from 26 to 30 tons per 
Muare inch, with an elongation of 20 per cciU). in a length of 10 inches. 
The plates to be turned on their outer edge, and the holes for the flue ends 
to be bored out by special machines. These end-plates to be efficfbntly 
stayed by suitable gusset stay-plates G S, fastened by double angle steel 
to the shell of the boiler, but not brought down nearer to the furnace 
dpwns than will give full freedom for expansion. 

Manholes Mj, Mj.—One wrought-steel manhole door with double-riveted 
frame, and one of smaller size m the front end-plate, below the furnaces 
Ft Fj. Both of these manhole doors to be riveted on and faced acrc^ the 
wnofe surface of their flanges. 

The Stand Pi'pes to be made of wrought steel and riveted on the boiler 
where required. Their upper surfaces to be faced for connecting the 
various v^ves and cocks. 

A FueiUe Plug to be placed on the top of each furnace. 

Furnace Fittings.—A set of five frames and doors to be fitted to the front 
end of the boiler, with brass beading round the outside of the furnace 
doors FB. Each door to bo provided with an internal baffle plate and 
oiroular slide to regulato the admission of air for the prevention of smoke/ 
Fire bars FB^ are to be provided with bearers and cast-iron hearth-plates. 

Dampers Dp D.^—Two cast-iron dampers and frames with pulleys,' 
obains, anu counterweights D W, complete. 

Flue Doors C D. —Two flue doors and frames complete. 

Blow-off Cock fiOC.—One 2i-inch gunmetal, asoestos-packed, blow-ofl 
cook, with solid bottom and packed gland, having a flange at each end Also 
asuitable taper elbow, oast-steel pipe for attaching the cook to the stand-pipe. 
Feed Valve FV.—A 24 -inch check feed valve having the valve loose 
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Sa/tty Ka/w.—One deadweight safety valve D W S V, and one balanced % 
high- and low-level water ajifety valve BS V, to be fitted to tfieir stand-pipes, n 

Stop Valve SV.—One 3-inch steam atop or junction valve to be fitted 
with a gunmetal valve and its seating, ivnd to have a packed gland, with 
hand-wheel, &c. 

An Anti-priming Steam Pipe SP, to bo fixed inside the boiler and con¬ 
nected with its stand-pipe for the steam stop valve S V. .This pip© to bo 
perforated on its upper side. 

Water Gauges G.—Two sets of |-inch gunmetal, asbestos-packed, water- 
gauge cocks with glass tubes and mdiarubber washers.. 

Steam Gauge SG.—One 10-ineh steam pressure gauge of beet construc¬ 
tion with siphon and cock. 

Testing and Working Pressures. —Before leaving the works the boiler to 
be tested to a water pressure of 200 lbs. per 8<iuare inch, and the every¬ 
day working steam pressure to be 120 lbs. per square inch. 

Specification of a Eigh-Pressure Lancashire Steam Boiler, — 
Bhell .—The outer shell OS, to be 30 feet long by 8 feet in diameter and 
1 inch thick, made of mild selected steel boiler plates (Siemens process). 
Elach ring in the circumference to be of one plate, thus removing all the 
longitudinal seams from the brickwork setting. The longitudinal seams to . 
be butt-strapped inside and outside, and riveted together by means of six 
rows of rivets. The circular seams to be double-nvoted The edges of all 
the plates to be planed and caulked both inside and outside. The corners, 
of tne plates to be thinned by means of I’enman’s patent machine, thus 
avoiding fracture by local heating. 

End-Plates. —The boiler ends are each to he in one piece of mild selected 
•teel boiler plate J of an inch thick. The fiont end-plato to be attached to 
the shell by means of a solid welded angle steel ring, 5^” x 5^" x J", fixed 
externally. The back end-plate to be attached by flanging. 'J’hese plates 
to be turned up on their outer edge, and tlie lioles for flue ends bored out 
by special macninorv. The end-plates to be efficiently stayed by suitable 
gusset plates G S, fastened by double angle steel to the shell of the boiler. 
The stays shall not be brought down too near the furnace crowns, thus 
leaving a sufficient space for expansion. 

The shell and end-plates to have a tensile strength of from 26 to 30 tons 
per square inch, with an elongation of 20 per cent, in a length of 10 inches. 

Two flues, Fi, Fj, to be made of g-inch thick mild steel boiler 
plates (Siemens process), each 3 feet 3 inches diameter, and tapered on 
second last ring to 2 feet 9 inches diameter, with the last ring parallel 
The flrst and last rings to bo H thick, and to have a tensile strength 
of from 24 to 28 tons per square inch, with an elongation of about 25 per 
cent, in a length of 10 inches. Each flue ring to be in one plate in circum¬ 
ference. The longitudinal seams to be solidly welded, and the transverse 
seams formed by flanging the ends of the plates, with a caulking strip 
between the flanges, as in Adamson’s flanged joint A F J. 

Manholes. —One M‘Neil’s patent manhole door Mj, with double-riveted 
frame, as recommended by the Board of Trade, to be fixed on top of boiler. 
One of smaller size M^, to be placed on the front end-plate below the 
furnaces. Both manhole doors to be riveted on and faced across the whole 
surfAi>A of their flanges. 
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Drillings. —Special machinery shall ho used for drilling tho whole of the 
plates nfter they aie put itto form. The pitch of rivet holo*^to bo regulatcii, 
iioth longitudinally and transversely, by tho dividing arrangement, llivot- 
ing, 'wherever practicable, to bo perfoinn^l throughout by hy<lraulic po«f“r. 

i!>'and — \V rought-steel stand pipes to bo doublo-riveted on the 

boiler where required, and fac'o<T on tln-ii upper sin faces so as to connect 
tho valves and cocks to the bober * 

Anfi-imntg ripe .—A (..ist-iiun anti-piiining steam pip<‘ S P, to 1)0 
perforated on tbo upper side, and to bo fued insido the boiler, and con¬ 
nected witli tbo staml pi{>e for the st<,“ain stop-valve SV. 

Fimhle Plug<f .—A fusililc iibig to bo pLieod on Llio top of each furnaoo. 

Fiiniacc I'l/tings .—Firo flames and iloors b 1), to bo fitte<l to tlic front 
end of the boiler, with brass beading round tlio furnaces Macli door to bo 
pro\idcd with circular slide to regul.ite the admission of air. An int<-rnal 
baflle plate to bo ^iiovidcd tor the prevention of smoko (’ast-iion 
heartli plates, and tire-bars F P>|, of fauitahio lengtli, with 1 hmioi'», to ho 
fitted in tho furnaces and to rest on tho cast-iron hinged doors II I), for 
the fire bridge F V>.^. 

J)am/ier8 .—Two cast-iron dampers and frames, with pnlloys, chains, and 
weights complete. 

Adt/nf —A.slipit frame and plate for front of boiler. 

Fine Doorft. — I'wo Iluo doors witli frarm-5 

Blojv-oJf (/'oc/r. --One 2^-incli giiiiinetal, asl>estos paokeil, blow-off cock 
B 0 0, w’lth solid bottom and packing gland. A suital>lo taper clbcw cast- 
steel pipe to be provided for attaching tho cock to the stand pipe. 

Ftnl-Valve. -A 2-^-inc,h check fced-valvo ]<'V, with its valvo kc[)t loose 
from the sjiindle, so as to act as a clie< k or noii-ieturn valve. The valve 
to he actuated by means of a hand wheel and seicw. A fec<l-pipo F I’, to 
be {tla^ed inside tho boiler for effectual distrilmtion of the fceil water. 

Fo/z-cs'--Olio deadweight safetv \alve 1)\V.SV, and one liigh- 
and low-watcr safety-valve II S V, to be lii l. d to tbo boiler 

.SOron A'o:.:/e — One 7-inch steam stop- or junut loti-valvo and seating 
SV, with hand wheel for regulating tlio supjily of steam fioiii the boiler. 

Wahr --'I w o .sets of '[’•im b guimict.il asbestos paO.ed water glass 

gauge cocks (i O, -with india-rubl)er jiackiiig \v.islier.s and glass tubc.s. 

Slcayn -One l()-iiich steam piessiiio gauge SO, of best construc¬ 

tion, with syphon and cock. 

—'i'lio Ixuler lo be tested wiili water pressure of 300 llis nor 
square inch, and to bo lit for a daily \voiking steam pres.suro of 200 lbs. 
per square inch. 

Water-Tube Boilers. —In water-tubo boilers, sometimes called 
tiibitlous boilors, 03 distinguished from (ubnlar boilers (of whicli 
the marine lioiler is an example), the llamc and hot gases from 
the furnace act directly on row.s of paralhd tubes of small 
diameter, winch contain water and .steam. These tubes are 
connected to a receiver from which a supply of steam is drawn, 
d'he principal advantages possessed by water-tulje boilers over 
tliose of the ordinal^ cylindrical form of the same power are :— 

(1.) T^ess \\eight. 

(2 ) Tjcss .space required, and their shape can be rfno.dified to 
suit the space available, 

(3 ) Much larger grate area. 

(4.) Higher jiressures can be employed without danger. 

20 











































































308 


tECTURE XVII. 


L&rget and more subdivided heat^g surface, and, hence, 
more rapid steam raising. 

(6.) If any part of the Mler should fail or be damaged in 
any m>inner, it may be replaced ^*vy little trouble and 
in a very shott time. 

(7.) When used on board ship they can be removed in pieces 
without opening the deck. 

(8.) The seveAl parts being comparatively small and light, 
they are easily transported and fitted up in places where it 
would be difficult to send a whole cylindrical boiler. 

As an illustration of a water tube boiler, we have selected 
that manufactured by Babcock & Wilcox, Limited, London 
and Glasgow, and below we give report of a test made by 
Prof Henry Robinson on one of five 140 H.P. B. ife W. boilers 
at Regent Park Electric Lighting Station, St. Pancras Vestry, 
London, 

1)619 square feet 
30 

63-9 to 1 

5 hours. 

173 51b. 

48“ Fah. 

2,352. 

66 . 

2,296. 

2-38. 

I5G. 

22,925 lb. 

4,585 lb. 

5,160 lb. 

2-83 lb. 

9*747 lb. ' 


11-906. 

61“ Fah. 

185“ Fah. . 
0-391. 


The boiler consists of several rows of water tubes, WT, placed 
In an inclined position (see n^xt fig.). Each upright row of these 
tubes is connected together by suitable end connections EO, 
which are fitted to the water and steam drum D, at both ends, 
by upright^ connecting tubes C T. The water tubes W T, are 
not arranged vertically above each other, but are placed zig-zag, 
so os to break up the flame and products of combustion. Two 


Heating surface, .... 
Grate area, ..... 
Ratio of heating to grate surface. 

Kind of fuel—NixoiTB navigation steam coal, 
DuraUon of test, .... 
Average steam pressure. 

Average temperature of feed-water, . . 

Pounds of coal fired, .... 
Pounds of refuse, .... 
Pounds of combustible, , . 

Per cent, of ashes^ .... 
Coal consumed per sq. ft. of grate per hour, 
Total water evaporated. 

Average evaporation per hour, 

Maximum evaporation per hour, 

Water evaporated per square foot of heating 
surface per hour,.... 
Water evaporated per lb, of coal, 

Water evaporated per lb. of coal,* assuming 
feed-water at 212* Fah. and at atmo¬ 
spheric pressure,.... 
Temperature of boiler-room, . 

Temperature of flue gases, 

Force of draught in inches of water, 
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diviaion plates consia^ng of iron, faced on the frpnt aides with 
Bre-bricka, fit between the tubes (see Plate, side view). These 



Ths B*boock 4 Wilcox WiTKE-ToaE Boitsa. 


guide the flame and hot gases which rise from the fire-grate 
L tween the upper ends of, W T, and cause them to Reflect down 
b;' the first fire-brick division, then to rise again behind the 
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second, and finally to pass across befcwQjn the lower upright 
connecting tubes, and down again to tlie chirfiney tunnel thus 
The water and connecting tubes (W T and OT) are 
4 inches diannaer, made of seamless stool. The steam nnd 
water drum, D, is made of wrouglit-steo] plates, tlic longitmlinal 
joints being double-riveted, and the circnitjferoiitial joints 
single-riveted, while tho end-plates, El', are of steel and arc 
dished out to thv rr'{niied curvature. Si'-am is taken from 
the drum, 1), by the stop valve, wbicli is fitted with an 
internal peiforated with small holes on the upper side 

to prevent primin.o Two gloss w.iter gauges, WO, and a 
steam pressure gaug<g SO, ami a combined fc(Ml and cheek 
valve, EV, are fitl<^d to the fr(»nt end of tho steam drum, 
T), while a safety valve is fitted on the top centre, and a 
mandoor at the r(‘ar. Underneatli the lower end of the 
water tubes, W T, th<‘re is a mud drum for coUeeting 
the sediment The mud drum is a wrought-steel box, 
fitted with sludge doors, and blow-out apparatus, by which 
it may be tliorouglily cleaned out. The sediment should 
be blown out every twenti-fbur hours. 

Babcock-Wilcox Steam Superheater (see Folding Plate and 
full-page iiguio). (I'encral Arr<viiii(‘iiicnt —This consists of solid 
drawn steel tubes, 1,\ inch diameter, bent into U sliape 
and connected at botli ends l)y expanded joints with wrOuglit- 
ste.el cross-boxes or manifolds Mj, Mo The upper box Mj, 
receives saturated sb;am fnmi the drum D, hy the inlet steam 
collectors wdiilst the lower box Mo, collects the super¬ 

heated steam after it has traversi d the superheater tubes T, 
and delivers it by the outlet steam collectors to the stop 
valve S V. As will be seen from the side elevation, hand holes 
H, are provided for getting into and cleaning Mj, M.^, as well as 
the tubes T. 

Floodiwj, —The arrangement for enabling the tubes T, to be 
Hooded with water cmisists of a pipe lb, from the water space 
of the lioiler drum 1), to cocks Cj and By opening the 
large upper cock Cj, and shutting tlie drain cock water 
passes iroiii Pj through P., into Mo, and thus fills tlic super¬ 
heater tubes T. Any steam formed in these tubes during this 
operation is returned to tho boiler dium by the collecting 
})ipe3 SCj. 

Setting Superlieater to Work. —When the full steam pressure 
has been attained and it is desired to connect the boiler to the 
main steaiil range of an installation, then close the boiler 
damper, shut cock Cj, and open drain cock 0^, which blows out all 
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water from the superheater tubes T. When all the water is out, 
and the observation glass 0 Q appears milty, shut Oj and gently 
open the stop valve S V, as jvell as the damper. The saturated 
steam from drum D, is now conveyed by S Oj to Mj, tubes T, 
Mj, and by the steam collectors S to the stop valve S V. 

The equalising valve EV, should always be open when the 
stop valve S V, is shut, to prevent any syphouing-vip of water 
when the superheater is flooded. Boilers litted with a super¬ 
heater should not take their feed-water by moans of an injector. 

Degrees of Superheat .—In this country, steam is ordinarily 
only superheated by 100° to 160° E., but, on the Continent, 
steam is frequently superheated up to 275° F., and this can be 
done in a standard Babcock ifc Wilcox superheater directly 
attached to the boiler, but with increased heating surface. 
With their independently-fired superheater, any desired higher 
degree of superheat may be obtained. 



Plotted Results of Evaporation and Superheat 

With a Babcock k Wilcox Land Boiler. „ 

Economy and Range of Superheating.—The accompanying 
curves were plotted by Mr. Arthur T. Cooper, Managing 
Engineer of the Reading Electric Supply Company, Limited, 
to show the results of his observations to ascertain the relation 
between the degrees of superheat obtainable under ordinary 
working ponditions and the corresponding rate of evapoi'ation of 
boiler water* It will be observed, that no special attempt was 
made to get a high degree of superheat, for the highest degree 
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attained was only 90“ F. When the evaporation was as low as 
6,000 Iba, per hour, th*e superheat was only 63" F. * whilst, with 
an evaporation of 16,000 lbs. per h<kur, tlie superheat was 68" F. 
The estimated working ec«^nomy in coal consumption under 
these mild conditions amounted to about 12 per ^ent. over that 
without the use of a superheater. 

Specification of the Babcock & Wilcox Boilers as Supplied to 
the Manchester Corporation Electricity Works.— There sliall be two 
blocks, each comprising twelve boilers, each boiler having 3,580 sq. ft. 
of heating surface; the twelve boilers in each block being set m one con¬ 
tinuous battery. 

SeclioTUi. —Each boiler to bo composed of 10 sections. Each section to 
be of 10 seamlesa sled tubes, 4" diameter and 18' long, connected at the 
ends by continuous wrought-stoel staggered headers, or “uptakes” and 
“downtakes,” into which the tubes are expanded. Each “header” to 
be provided with hand-holes placed opposite the end of each tube. 

Headers. —To be of sulficicnt size to permit the cleaning, removal and 
renewal of a tube through the same. Eacli Imnd-hole to be provided with 
a cap fastened with a wrought-stcel bolt, clamp, and cap nut. 

Joints, Connections. —The several sections to bo connected at each end 
with a mud-drum, by means of seamless mild sled lubes 4" diameter and of 
suitable length, the joints being ma<lo with an expander. The two lower 
tows of tubes to be No 8 S.W.G. thick. 

Drum, Manhole, and Cross-drum. —The steam- and water-drums to be 
42'' diameter and 23' 7" long, mode of mild steel plates thick, with the 
longitudinal seam.s double riveted. A manhole to be provided, and fitted on 
to tile Ihell, as well as nozzles for the safety valve, scum cock and attach¬ 
ment of cross-drum. 

The steam- and water-drums to bo connected at their rear ends by a 
riveted steel cross drum 20" diameter and 7' 6" lon’g. The cross-drum to 
be provided with two wroiight-steel standpipes for the attachment of 
the main steam stop valves, 0" diameter, and one for the fixed soot cleaning 
valve which shall bo 2" diameter. 

Lagejing. —'The exposed portions of tlio steam- and water-drums to be 
tagged to a thickness of 3" with a plastic asbestos composition. 

Mud-Drumand Bloiv-OJ'. —The mud-drum to be of wrought-steol,6"square 
and 9' 5" long, with 4 hand-holes and a nozzle for blow-off pipe 2^" diameter. 

iStipport-s. —The front ends of the boilers to bo supported from wrought- 
iron girders resting on brackets and secured to the columns of the building, 
and the rear ends of the boilers from wroiight-iroii girders, resting on 
wrought-iron columns with cast-iron bases. Those columns to be properly 
secured §o that the boilers shall be sustained entirely independent of the 
brickwork, and be free to expand or contract without affecting the same. 
The brickwork may be removed and replaced if required, without dit* 
hirbing the boilers or connections. 

Each boiler to be provided with the following fittings:— 

Valves and Fittings.—Two 6" diameter Turnbull’s sine qud non main 
steam stop valves. 

Two 6" diameter Hopkinson's isolating valves. 

Two double 2" diameter Turnbull’s deadweight safety valves, set to 
blow at 210 lbs. per sq in. The valves to be enclosed, fitted with short 
bell-mouthed escape steam pipes, and suitable arrangement for easing 
them from the fioor level 
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Two 24 * Dewyance gunraetal oorabmed feed wjd eKeOk the 

screw on the outskle. 

Two 24 " Dewrance angle feed.^ valves. Gunmetal bodies and outside 
screw with lengthened spindles. 

One 24 " Dowranc© globe feed valve for 6xing between drums, with a 
giininetal body and outside screw. 

Two 24 " Dewrance scum codes. 

Two 2" guninotal valves for the fixed soot cleaning. 

One lH°dial Schaeffer & Dudenberg steam pressure gau^e, graduated 
evoty 10 lbs. to 400 lbs., with syphon and control cock, dhe syphon to 
have a fitting for the atUchmeiit of the inspector's test gauge. 

Two f" Dewrance asbestos j)ackcd gunnietal water gauges fitted with 
automatic closing v.ilvus. 

One fitting for the attaolnnent of test pnni|t 

One fitting for the atlachnient of a Crosl>y mdu-ator. 

--All valves to he clearly marked with the direction of opening 
and closing 

Soot Cleaning —A suitable system of soot cleaning to be provided. 

Scu7n. —A scum truugli to be fixed in each steam- and water-drum and 
connected up to the I V' scum cock on I he drums. 

—The front of the boilers to be of ornamental pattern, arranged 
for the application of mcclianical stokeis, and with a large door for access 
to the ends of the tubes. All parts to be ample in stiength and all joints 
to bo fitted {see e/id of Ihts Speciftcalion for ileiaiis of the Mechanical Stokers). 

Fixtures —'I'he fixtures fur each boiler to consist of a full set of flame 
bridge pkites with bolts and special firebiiek for lining tho flame bridges; 
bridge wall gliders and bars, binders ami liolts, ash and cloatiing doors for 
the access to the exterior of tubes an<l the flues for cleaning. Two doors 
for fitting in asli tunnel, two dampers with frames, and tho refiuisite 
lintels for opening in walls, smoko chamber T’s and anchor bolts for the 
front. Tlio dampers to 1)0 suitaldy arranged for working from the front 
of tho boiler 'I'lie exposed portions of tlie ironwork to be given two 
coats of i)ainL. 

Oanijw>njs.--t\ gangway to bo provnietl ,\n<l fixed over the tops and in 
front of earli block of boilers. Tho gangways in front of the boilers to 
bo connected by a (Toss-over gangway, ami all four gangways to be con¬ 
nected by two eioss-over gangways rinining along the outside walls of 
the lilocks i)f the boilers. 

Two ladders to bi- provided for gaming access to the gangways from 
tho boilor-houso floor. 

The gangways to bo 16" wide and made of wrought iron with 4 ''diameter 
spills for the steps nt 2" pitch. The gangways over the tops of the 
boilers to be supiHU'ted by cast-iron stools resting on the boiler walls. 
The gangways in fiont of tho boilers to bo supported by brackel.i bolted 
to the building columns. The cross-over gangways at the ends of the 
boiler-house to bo suitably supported from the ends of the blocks of 
the boilers. 

Spares. —Four 2-cwt. iron coal barrow.s; two complete sets of firebars; 
six gaskets for mauholo door in stoam- and water drum; six gaskets for 
mud-hole door in mud-drum; six sets of fittings for hand-hole doqr in 
mud-drum; six complete sets of hand-hole fittings; seventy-tWO Jeoa 
gauge glasses with washers; one complete set of spanners in raek biT 
gauge-^ass fitCings. 

Two wrenches fitting the hand-hole nuts; f^r tube oorapwa 
with handles; eighteen tube brushes; four sets of Miqb 'Mt 
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ooiui>tiDg ofUliree long and three short slices, throe long and three short 
rakes, three long and throef short prickers, with two (Iozot 'spare pricker 
b^es; six tuoe stoppers; one 4" expander, complete; two 5‘Cwt. 
Ayery’s movable platform weighing macluhc;^. 

TiBtiny. —The sections and mud.driim, aKo (lie ste.im- and water-drums, 
to be tested and made tight under a livdrauln; pichhiuo of 350 lbs. 
per square inch. 

The boilers to be tested after election to a iiydraulic probsuro of 350 
lbs. persq uarc inch. 

Working /Vcanurc.- The working blcaiu pi cbsnie to he 200 lbs per e(j. in. 

, Weight .—Approximate deadw eight of each holler -tlross 28^ tons, and 

oet 27i tons. 

JJriciwor^. —Tho boiler hr'ckwoik above the foundation level to ho 
provided by the makers, d'lie hoiicrs to ho lined with U" nf tneluick 
throughout, and tho top id tlte bnekwoik to be Inushed \\i(h bricks .sot 
on edge. A firebrick arch to lio tuiued over the fumi. jnrl ot the fiirnaeo. 
The end walls of each block nf boih is to bo of gia/cd luu-k, and tlie 
exposed brickwork in fi'ont of tlic boilcr.s between the drums to be 
covered with ornamental (M.st-iron plates. 

Mechanical Stokers.— 'I'weivo puu.s of ihibcoek & U'deox patent chain 
grate stokers to bo supplied for the afiue-tnentioned bodets (see Pkvto). 

The grate to consist of an crulless ch.im of sitnit cast iron grate bars 
linked together, anil actuated by pas-tng over drains [)lii'-<‘d ut llio ftont 
and rear of furnace Tlie front dium lo Ip- i< volvisl t>y me.ms of a norm 
and worm wheel. (Jcamig t.o be jpoivnled to eiuhh' thr whole st"k«'rti) 
be brought out eloai of tlie front ol the hodm-. ']'li»‘ li.tmiM lo hr titled 
with wheels running on rails plaeed at ttir idr-, of t lie a'-lipii (s. -■ h’jt-linnd 
Hgnre of Folding IVafr). 

Acti<tfi of th'i Chain Gralf. -'riio eua! to hr fed ovm I he n hole width of 
tho grate, tho thickness of Um coal iav.-r hrmg u-ulalrd hy tlm viadcalty 
sliding arrangement of fue dooid, uliuli .ur sd .u i.ingrd .i> ipp ,dlo\v (in 
case of need) of tho stoki-r.s hnug lii ed itv h.iip-l '1 li aioki'i, m illust i.ited, 
is able to burn .small Noiili Couni ij’ cu d w iiltppiii e .u-un^ \ i ohic smoke at 
tine top of a chimney 200 feet high. 

The speed of clnui giate to (le rajiabh ■■'t Ipioiij; \.iimpl fiom 5' lo 15' 
per hour, to suit anv demand for steam liom the ln-diu. 

The thickness of llie lire and (lie spi'cd nl Um l iiam lan he adjusird to 
sqit any class of coal or strmigih of di augh'.. 

The links to be made to travel m a hudy, wilh no ndativ inovcniont 
between them, so tliat tho coal in .y rpinaio umlnimhed unii! l■«ulsumed. 

The links to be made to tiavel ihrmijlmui lic' eniii' ii'ii-ih nf tho 
furnace, and to dcpo.sit tiioir liol a^h .vt the re.n into a chuk' i pit winch 
is to be fitted with a durnpuig Imtlom. 'J'hc links to !>" m.ide to travel 
backward) underneath their drums, and tu become |)ia'fio.illy cool by 
the time they reach llio front «-nd tor imoUiei sujiply ot cod. 

Coal Ilopfif^rs .—The hoppers are to be aiianged and {ilaecd at such a 
height from the ground liiat tiny can he Idled tjnm slmotH coming <lown 
fHoni tho coal store, wlncli is situated above tiie h'ulet'i, oi hy hand from 
tjie boiler-house floor. They are lo bo of sulhenuit si/e fm convenient 
working by the Utter nuMiis. The auangi'ment of the boihu fronts and 
the position of the water gauges. mouiUiugs, to be «ui h as will 
enabw the coal slioots to be pluMul U'p imlicated by the folding plate, 
without'interfering with tho working or olnitructing tlic fi'cmaii’s view 
of the pressure and water gJlugos. 
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Shafii^ig for Lh'iving Chain Qratt Stokers. —The best quality of A*' 
diameter mild steel bright shafting for working the chain grate to be sup* 
plied and placed above the boilers on plummer blocks, resting on cast-iron 
orackets, hxed to the boiler supports or lo the boiler-house stanchions, as 
the case may bo. {The. general arraii'ment of shajting is ahoun by thi 
Folding Plate ,) 

Vertical Boilers.—These are very useful for small isolated 
cases, such as supplying steam to wmche.s, cranes, stone*cru.shers 
in quarries, aniitflinall river craft, or for donkey boilers on board 
steamers. They occupy a iniiiimum of floor space, are self- 
contained, require no brickwork for flues or setting, and are 
very portable. They can be erected and set to work in a few 
hours; but, they are of necessity not so economical as the larger 
fixed boilers previously described, and they are liable to give oft’ 
smoke when tired with bituminous and lower-grade coal. 

Cochran's Vertical Boiler. —As will be seen from the accom¬ 
panying three small views of tliis type of vertical lioiler, it 
consists of a circular fire-grate, hemispherical fire-box, vertical 
uptake, and horizontal flue tubes to the front smoke-box, upon 
which the funnel rests like a miniature marine boiler. 



Cochran’s Vertical Multitubular Boiler. 


The hemispherical fire-box and boiler roofs enable the makers 
to dispense with gusset or other stays. Since the horizontal 
flue tubes give a comparatively large heating surface and are 
freely accessible for cleaning both inside and outside, it is 
claimed tliat this boiler combines in a small space the advantages 
of the vertical form with the economy of the multitubular 
boiler. 
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A« will be seen from the left-hand outside view, it ie fitted 
with stop, safety, anfi feed-check valves, water hnd pressure 
gauges; water test, steam-jet and bl#w down cocks, which are all 
tried on the boiler to a water pressure of 200 lbs. per square 
inch for 100 lbs. work- * ___ 

ing steam pressure. [ - - I ’ 

When any one of these J 1[ t's 

small boilers are likely ' 
to remain in an open, ^ 

draughty, exposed posi- ■ \ ^ 

tion for a length of ’ ; t b -V'- t 

time, it is well worth 

theexpenseandtrouble j t 

to have it carefully I 

lagged with a non-con- IB | Cj]i*ijif-f^l|iii| 

doctor which will with- r ■ il jlir i 

stand rough usage and 'i : .^g~i liPW|K >' 

at the same time retain | i I ^wlS I 

the heat. These boilers J ; i | 

are seldom made to | i c|j g 

supply steam for more t 

than 100 I.H.P., but ; ’‘^8 

they may be stacked % .» CZ 

and joined in series^as ^ ^5 

may be independently J 

fired as required and '' g |r.j' B 

put into or out of cir- ^ I it ^flTTIF^^l' 

cuit for use or for (Blilllliir "mBas' ' 

Am.D’s Patent Steam-Reuccinc Valve. 

Auld’s Steam-Reduc¬ 
ing Valve. — Reducing ’ to P‘RTa. 

valves are used for various V for Valve. R N for Boss out. 

niipnofiAfl nn lanri nnrl » Wiiter. MP ,, Mud plug, 

purrees on lana and jn., Jamimt. A8 „ Adjustlugscrew 

marine 8|^ni planU where D „ Washer. 83 „ Spiral spring, 

a lower pressure is required IK „ India-rubher disc. OS „ Graduated scale, 

than in the boilers. The ^ -» 1**81-011. I „ Index or pointer, 

variety of designs for 

effecting this purpose is great, but the author has had practical experience 
with this selected example, and it will serve to explain theic working to 
students. 


INOKX TO PAHTS. 

B N for Boss out. 

MP ,, Mud plug. 

AS,. Adjusting screw 
SS „ Spiral spring, 
erdiso. OS „ Graduated scale. 

I „ Index or pointer. 


The action of Auld’s reducing valve is as follows:—The in-Bowins steam 
is admitted between the valve V, and a piston P, which is covered by an 
india-rubber disc or diaphragm 1 U. The piston and vaWp arh in equi* 
librium on the inlet or high«presaure side of the reducing valve A column 
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of water W (represented by dotted lines in the figure), is interposed 
between the 'citeam and tho india-rubber disoi? This column of water is 
supplied by the condensation of the steam which takes place in the steam 
pipes. Tho desired pressure di steam on the outlet siao of the reducing 
valve is obtained by compressing or reljjxing tho steel spiral spring SS {hy 
the adjusting screw AS, which passes up tlirough SS), until the index!, 
is opposite the'figure on tho graduated scale ( 1 S. The valve V, being thus 
opened, the steam flows through the valve opening to the low-pressure side 
of the reducing valve until the pressure of the steam on that side, pressing 
on tho upper surPaco of tho valve V, balances tho force exerted by tho 
spiral spring S S. 

Should it be desired to obtain steam from tho donkey boiler for engine- 
room machinery in the reverse way through the reducing valve, when there 
is no steam in the main boilers, then it is only necessary to compress 
the spring SS, by means of tho adjusting screw AS, till the valve is 
opened. 

When tho reducing valve is used for supplying steam to weak steam 
chambers or pipes, a safety valve should bo placed on the low-pressure side 
of valve. 

These reducing valves are also serviceable for reducing and regulating 
automatically tho pressure of water or air as well as of steam. 

Provention of Smoke.— At present the local authorities in raorf 
large manufacturing towns are seriously directing their attention to the 
prevention of smoke, not only from the furnaces of steam boilers, but 
also from ordinary house-fires. Tho number and the variety of tho 
appliances which liave been patented with this object in view are very 
great. We shall, liowover, only notice a few of those which have been 
brought specially under our notice of late. 

In order to treat this matter fully and with the importance which it 
really deserves, wo would require to devote to it a complete lecture on the 
analyses of different coals and their qualifications, the chemical actions 
which take place in tho furnaco and analyses of tho products of combus¬ 
tion, together with tho temperatures observed at dilferent stages of the 
combustion and parts of the system such as in the furnace, smoke-box, 
tubes, flues, and chimney. Speaking generally, however, the emission of 
smoke from a furnaco is a sign of imperfectly burned fuel. Consequently, 
if you wish to prevent tho generation of smoko you must have as perfect 
combustion as possible of the coal and of the gases which naturally more 
or less arise from the burning of different classes of coal. To produce 
combustion of these smoky gases befpre they leave a furnaco, they must be 
raised to a very higli temperature, and be intimately mixed with the 
proper proportion of air. One of the simplest ways of doing this is to 
keep the back part of the boiler furnaco always at a high degree of incan- 
desoence, and by so directing the smoky gases as they arise iron*,the fresh 
green coal at the front end. tint they shall pass down upon and over the 
incandescent surface at the back end. At the same time, the proper 
quantity of fresh air should be so admitted and directed from below the 
back furnace bars that it shall pass up through the incandescent coal and 
there become heated and mixoa with tho crude gases. In this way, you 
can induce a chemical combination which readily burns, leaving an almost 
smokeless flame to pass into tho tubes or flues. The deposition of soot will 
thus be largely avoided in tho flues and tubes of a boiler, and consequently 
the heat 'wilhbe more efficiently and economically applied for the desi^ 
pbjeot of raising steam. There will be muoh liss labour required in keeping 
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the he&tiQg sorfaces cleau, and the atmosphere will not become polluted to 
nearly the same extent. * * ^ 

A careful fireman, if ^tjvided with goo<l coal, a properly proportioned 
fumaoe, and a boiler which does not rocjijire hard stoking in order to give 
the necessary amount of steam, can easily prevent the emission of smoke. 
The difference between the pri*ce of good steaming smokeless coal and 
dross, is a great inducement to steam users to employ Uie latter. With 
droasend the poorer cheaper qualities of smoky coal or with a boiler that 
requires frequent and hard stoking, even tho most skilful fireman will bo 
unable to prevent the making of smoke. In such casQs, a good mechanical 
stoker or at least some form of forced or induced draught should be fitted 
to the boiler, and so arranged as to produce tlie aforesaid object of burning 
the gases before they lea\e the furnace fluo (see Index for examples of these 
applxances). 

VVith vertical boilers and house fires whore it may bo imposaiblo to bring 
the smoky laden gases into contjirt witli a liighly heated incandescent 
surface, coke or gas-fires should bo partially or wholly resorted to wherever 
convenient, or the smoke should be purified. 

Meldrum’s Forced Dpaugrhi and Waste Fuel Fupnaee.-This 

furnace has been extensively applied for burning low classes of fuel, such 
as coal dust, coke dust, anthraclto smudge, dross, Ac. Since the price 
of fuel in many manufacturing industries constitutes such an important 
item in the cost of production, many persons are only too glad to avail them- 
selvM of any workable device which wdl enable tliem to increase their 
profits without diminishing the supply of steam from their boilers, and at 
the same time save them from coming within the range of the Authorities 
administering the Smoke Nuisance Act. As will be gatliered by an 
examination of the accompanying end view and longitudinal section, 
Meldrum’s furnace consists of an air-tight fitting cast-iron plate bolted to 
the mduth of the ashpit. This plate ha.s a small air-tight door of square 
form, which may be removed when it is necessary to clean out the a^pit. 
There are also fixed to this door two conical blowers supplied with steam 
fi'om a small pipe connected to the steam space ot the lioiler. The air- 
blast induced through the two tubes by the steam which issues from the 
two very small nozzles is regulated at will, by cocks placed in a handy 
position near the furnace door. This combined flow of steam and forced 
air up through the very narrow air slits between the very thin fire bars 
keep the latter comparatively cool, and thus prevents the adherence of 
clinkers. Besides the burning of inferior fuels, which is the chief object 
of Meldrum’s :fiimace, it also enables boilers to be forced so as to supply 
any sudden or extra demand for steam, and it materially tends to the 
prevention of smoke. It is admirably suited {as we can testify from 

K rsonal observation) for consuming the large and almost otherwise worth* 

» quantities of coke riddlings produced in gas works. We have seen 
several it. them at work in the Glasgow Coloration Gas Works, where 
the late manager, Mr. Wm. Foulia, M.Inst.C.E,, had them applied, not 
only to Cornish and Lancashire boilers, but also to the water-tube boilen 
made by the Babcock k Wilcox Company. 

VlCAP^S H6Chd.niC8.1 Stoksr. —As will be seen by an examination of 
the general view, sections, and index to parts, this stoker aims at feeding 
automatically into a boiler furnace small coal and slack at a regular 
rate from a divided hopper. The fuel is gradually pushed down from 
the hoppers on to the fire-bars by means of alternately reciprocating 
plungers actuated by eccentrics; and, then, by a slow*reciprocatin|r 
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moyement of the alternate sell of grate-bar*, carried gra^aally forward 

rif, 11*7 unconsumed cos( touethcr with sny clinkers »nd 

V dischsrged over the end of the grate into the 

the end^f th “n"" "’»«» dosing 

up the far end of the ashpit. Over this white hot surface sweep the 
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Vjcab’s Mechanical Stoebk, 


smoke ld?len gases, whereby their temperature is raised to such an extent 
that the fuel and the smoke are most thoroughly and effectually consumed. 
The supply of the fuel from the hoppers and the gradual movement of the 
same along the furnace is actuated by independent eccentrics turned by 
a central common shaft, driven from a small steam engine situated at the 
right-hand end of the shaft (not shown on the figures). The alternate 
fire-bars are first lowered and then drawn towards the front end of the 
furnace, and then all the fire-bars are moved simultaneously towards the 
back of the furnace This up and down travel of the Jb&ri may be 
adjusted from nothing to ybout 4 inches, by simply altering* the leverage 
of the pall on the ratchet wheel which is turned by the driving eccentrics. 
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The horizontal movements of •the fire-bars are effected by cams on the 
central shaft, and they fhay be altered at pleasure from I 4 ^ turns of 

the shaft per minute. The whole framing and the gearing connected 
therewith are made quite independent of the boilers to which thev mav 
be attached. ^ ^ 

The whole secret of smoke consumption by aid of these stokers lies in 
the fact, that the gases as they arise from the crude coal are raised to that 
degree of temperature and are supplied with that necessary quantity of air 
which will just induce them to become infiamable. 

The following table of trials of Vicar’s Mechanical Stokers as against 
hand firing with and without forced draught will '^vove interesting to the 
student:— 


Trials or tub Vicar’s Mechanical Stokkrs against Hand Firino 
WITH AND WITHOUT FORCLD DraUOUT. 



Botal ParsB Miue 



WAJ(Di>WOKm 

WOKXS. 


Vicar’a 

Hand Firing 


Hand Flriiif 


Furccil 

Vicar’S. 

Ordinary 



Ui aught 


Draught 

Nuxnter of Boilers, . 

1 

1 

4 


UesoriptlOD of Boilers, 

Lancashire 

lisncasbire 

Cornish 


Dimensions of Boilers, 
Dimensions of Boiler Flues, 

oO' X r 6" 

80' X 7' 5" 

38' x«' 

28' X 

Diameter, .... 
Area of Fire Orates (Total) 

3' y' 

8' y' 

8’ 6* 

3’ 8" 

Squarefeet, .... 
Nuinber of Honrs of Trial. 

23 

10 

38 

10 

45-8 

188 

84 

168 

DeslgnailQB of Goal, . 

Bltuntluous 

Welsh (Small). 

Bitu'innous 

WcUb 

Goal GoBsnmed (Total), . 

Goal Coiunmed per Hour per 
Square Foot of Fire Qraie. 

{Siiinll) 

(Slack) 


2 tons i;) cwts 

8 tons 4 cwts 

i)l tons ;g cwts. 

37 tons to cwts 

37 lbs. 

317 lbs 

36 9 Iba 

6 lbs 

Water Eraporated per Hour 





per Boiler, .... 
Water Evaporated per lb. of 

6,$301ba 

6,030 Iba 

2.626 lbs. 

1,083 lbs. 

Fuel. 

8 98 lbs 

Tibs. 

8-26 

8-66 

Prioe of Fuel per Ton, 

Goat of Fuel per 10.000 Its. of 

13/- 

16/- 

13/- 

}4/« 

Water Evaporated, 

m 

9/4, 

7/4 

8/6 


Greenes Fuel Economlsep. —Messrs. E. Green & Son’s Economiser 
consists of a series of cast-iron pipes, arranged in sections of various 
widths to suit existing circumstances, and placed vertically in the main 
flue threeigh which the escaping gases from the boilers pass to the chimney. 
The pipes are 4 inches internal diameter and 9 feet long, and are con* 
nected together by top and bottom boxes and branch pipes. The exterior 
of these pipes is kept clean by sets of scrapers attached to chains actuated 
by the overhead gearing which is kept in motion by a small steam engine 
or water motor, all as shown by the accompanying general view. All 
joints are bored, turned, and pressed together with hydraulio machinery, 
and are now constructed to work at very high pressures. The feed-water 
is passed through the economiser on its M ay to the boilers, and thereby 
absorbs heat from the hot ffases as they pass to the chimney. The saving 
in fuel varies, according to circumstances, from 15 to 25 per cent, as shown 
by the data in the accompanying tables. 
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• Tbo tteAin in this t«*t oontaioed 1-3 per cent, of moisture, t Tbewteem wm eoperbeated 60* Fahr., December 17th, and £3* Deoember ISdk. 
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Impkovju> Fukl Economiser rob Steam Boilera. 
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Tile Hopkinson-'Fepranti Steam St^p Valve.^Tbis comparatively 
new and novel form of stop valve was devised a few years ago by the well- 
known Electrical Engineer and Inventor, S. Z. de Ferranti, and it is made 
by J. Hopkinson &i/ 0 ., Limited,^Britannia Works, Huddersfield.* 

The Principle of Action. —The principle upon which the valve acts is 
the same as th^t taken advantage of in the “Venturi Water Meter.” 
And, therefore, both depend for their action upon the fundamental 
principle, as explained by “Bernouilli’s Theorem,”* viz.When a fluid 
is flowing in a perfectly smooth pipe (of uniform or of varying cross* 
section), it possesses kinetic energy in virtue of its motion, in addition to 
the potential energy due to its position and pressure energy due to its head 
or pressure; and the total energy at any cross-section is tlie sum of these 
three energies. 

Now, looking at the two figures opposite, we see from the longitudinal 
section, that if the steam comes from a boiler through a pipe of uniform 
section (at, say, 100 feet per second) towards the valve, then, when the 
valve is full open, the steam passes through a contracting nozzle leading to 
the throat. In doing so, its pressure energy is converted into kinetic energy, 
and the velocity of the fluid is increased in the ratio of the cross-area of 
the steam pipe to that of the thro it, which is usually made 4 to 1. After 
the steam gets through the throat, it passes towards the engine along a 
diverging nozzle. In doing so, the kinetic energy is convened back into 
nearly the same pressure energy by recompresaion, and hence the steam is 
then nearly of the same pressure and velocity as before. That is, if the 
steam pipe on the outlet side of the valve is of the same diameter as the one 
from the boiler to the valve, and if the inner surfaces of the converging 
and diverging nozzles and of the throat are perfectly smooth 

The student will observe that the weight of steim passing any cross* 
section must be the same. Consequently, the total heat energy'in the 
steam must be the same at each cross-section of the nozzles and throat, 
except for any loss due to friction and eddying. Hence, if at any cross* 
section the pressure is less the velocity must be greater, and vice versd. 

The two most important things to he observed: — F^rst, it is very important 
to have a perfectly smooth throat. This is accomplished by a special 
design of the eye-piece, which is truly guided whilst being drawn into a 
central position. Any want of smoothness in the throat causes most 
serious eddying of the steam, upsets the action, and results in a consider* 
able drop of pressure through imperfect recompression. 

Second, it is of great importance to have the outflow cone of suitable 
dimensions, so that there may be a minimum loss in kinetic energy, and 
hence of steam pressure. 

The form adopted is the best compromise between what is theoretically 
right, and what can actually be constructed in practice, and this was 
determined by a aeries of careful experiments carried out by Mr. Ji’erranti. 

At first, most practical engineers looked upon this stop valve as a 
perfect “paradox.” But now that its principle is becoming better under¬ 
stood, whilst its action, construction, and many advantages are rapidly 
converting the most sceptical. Since the valve seats and discs are made of 
Hopkinson’s “ Platnam ” metal, this stop valve is specially suitable for use 
witn high-pressure superheated steam, even up to ToO” F. 


•See the Author’s Applied Mechanics and Mechanical Engineering^ 
Vol. IV. on Hydraxdics, t£?c.. Lecture IV., Seventh or later Edition, where 
Bernouilli’s Theorem is stated, illustrated, and proved mathematically. 
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« Lectc?kk XVII.— QuestioIIs, 

1* Sketoh ft section throngh ft fingle tube or Cornish boiler, wil^ & fire- 
grftte inside the tube. Also desoriM, with a sketch, a safety valve, as 
applied to such a boiler. * 

2. Describe, with sketches, the constmotion of a Lancashire dottble-dned 
boiler. Show the position o! the necessary fittings. 

3. Sketch a section of a cylindrical land boiler, with two internal furnace 
tnbes. Describe th^ mode of constructing the tubes so as to allow for 
expansion or contraction, and to prevent collapse. Show the manner in 
which the ^ell is strengthened by gusset stays. 

4 Describe, with a ^etch, an ordinary cylindrical land boiler with flat 
ends and internal flues. Enumerate the principal fittings and their uses. 

6. Sketch the front view of a Lancashire boiler, showing ail the necessary 
fittings. State the uses of the principal parts in giving an index of them. 
Also describe any apparatus for indicating the height of the water in land 
boilers with sketch and refemice table. 

6. Sketch and describe any form of breeches-flued boiler, and point oui 
briefly its distinctive features. In what respect does this boiler possess an 
advantage over the Lancashire boiler ? 

7. Sketch and describe, with index of parts, any form of water tube 
boiler with which you are acquainted, and state what advantages this form 
of boiler has over ordinary cylindrical boilers. State also its disadvantages. 

8. Describe fully by sketches a vertical cross tube boiler, and describe 
the several workshop processes by which such a boiler is constructed. 

9. Describe the form of water tubes usually fitted to cylindrical land 
boilers, and show bow they are fitted in. 

10. Sketch and describe the best form of manhole for a boiler with ^hicb 
yon ftre acquainted. 

11. Sketch and describe two methods by which the internal tubes of a 
Lancashire boiler are strengthened against collapse. Kame the advautagee 
claimed for the plans you select. 

12. Sketch a transveree section through a Lancashire double-flued 
boiler. Enumerate the principal external fittings, and their uses. Describe, 
with a sketch, the construction of the internal fiues, stating the reasons 
for the particular arrangement shown. 

18. Describe, with sketches, any boiler with its fittings and flues. Thus, 
for eicample, if you choose a Lancashire boiler, show the staying of the shells, 
the way in which the flues are helped to resist collapse, tne brickwork 
seating, &c., Gallow^ or other flue tubes, how the feed water enters, and 
the st^m is taken ofl; as well as the usual fittings. If the boiler has tubes, 
sketch and describe a boiler-tube ferrule, and say what are its advantages. 

14. Describe, with sketches, a boiler of any kind with whose cShstruo- 
tion you are well acquainted. Describe the various kinds of joints adopted 
in its construction. Sketch the ends of the stays, or stay tubes if inese 
are used. Sketch a stop-valve of a boiler, and show how the steam ii 
token away with the least chance of priming. 

16. Describe a mechanical stoker and how it works. Under what cir¬ 
cumstances is its use preferable to hand-firing ? 

16. Describe, with sketches, the construction of a vertical steam boiler, 
explaining carefully how additional beating surface to that of the firebox 
top and sides is usually obtained. 
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MARINE UOILERS-CAUSBS AND PREVENTIVE MEASURES 
. FOR CORROSION OF BOILERS. ■ 

Contents. —Rectan^lar, Oval, and Cylindrical Boilers—Single-Ended and 
Double-Ended Boilers—Boilers of S.S. St Rognvaid witn Specidcation 
—High-Pressure Boilers of S.S. .4rofcian—Boilers of S.S. Inchdune— 
Heating and Purifying the Feed-Water — Shanks’ Small Vertical 
Marine Boiler for Steam Tugs—Corrosion of Marine Boilers, with 
Causes and Preventive Measures—Tables and Method of Testing 
Water for Corrosiveness—Questions. 

Rectangular Boilers.—Tiie old marine boilers were all made 
rectangular ; an i they continued to be made of that form so long 
as steam pressures below 35 or 40 lbs, per square inch were in 
use for marine engines. In modern practice, however, owing to 
the use of steam at a pressure greatly exceeding the above, 
boilers of this form are no longer manufactured, and few of them 
are in use except amongst the war-ships of the Royal Navy. As 
compared with the modern cylindrical boilers, working at the same 
pressure, they occupied less space in the ship for a given power, 
but they were heavier, owing to their form and the enormou* 
number of vertical and horizontal stays required to support the flat 
sides ; and being more difEcult to construct they were therefore 
more expensive. They had, however, owing to the rectangular 
form, more steam space for the same amount of grate and heating 
surface. Rectangular boilers were constructed with any required 
number of furnaces, usually 3 or 4 for large powers, and the 
furnaces were arched on the top and bottom, and had flat sides. 
Boilers of this form were classified into dry bottom and wet 
bottom boilers. In dry bottom boilers, there was no water space 
underneath the furnace flues; there was in fact no bottom 
to them, simply recesses forme'd in the bottom of the boiler; 
whereas, in wet bottom boilers, the furnace flues were formed 
entirely inside the boiler, with a water space underneath. 
Rectan^lar boilers were as a rule tubular boilers, and the 
arrangement and position of the tubes were, except in a few special 
forms, similar to those in the modem cylindrical marine boiler— 
i.e., the flame and products of combustion passed from the furnace 
flue into a combustion chamber at the back of the boiler, and 
returned through a series of tubes situated above the furnace 
flues into the smoke-box, and thence passed up the uptake to 
the chimney. ^ . 

Oval BoUera. —To economise space and obtain some of the 
advantages of the old rectangular boiler, marine boilers are some 
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times made with flat sides and somi-circnlar at the top and bottom, 
and are known as oval boilers. The flat siites require to be bound 
together by transverse stays, which are made to pass between the 
rows of tubes. These boilers are simple to construct and work 
economically, and the thickness of* the shell plates is less than 
would be required for a cylindrical boiler of same power and 
capacity, since the thickness is determined by the diameter of 
the semi-circular ^art at the top and bottom. 

Cylindrical Boilers.—Modern steam boilers which have to 
resist very high pressures have their shells made cylindrical, 
since that is the only form for which staying is not necessary, 
and the flues are also made of this form. Cylindrical marine 
boilers are made either singie- or double-ended— i.e., the boiler is 
fired from one end or from both ends. The former contain from 
two to four furnaces, and the combustion chambers are variously 
arranged. 

(1.) In tingle-ended boilers, when there are two furnaces there 
may be one combustion chamber common to both, or a separate 
combustion chamber for each furnace. The latter is the better 
arrangement, since, if any slight fault such as the leaking of a 
tube occurs in one combustion chamber, it may be repaired 
without the necessity of drawing both fires and blowing off 
steam. 

When the boiler has three furnaces, there are almost invariably 
three separate combustion chambers, since, no other equal divi¬ 
sion can be arrived at. 

If there are four furnaces in the boiler there are usually 
either two or three separate combustion chambers. When two 
combustion chambers are fitted, each pair of side furnaces 
communicates with the same combustion chamber; and if three 
combustion chambers are fitted, the two central furnaces have a 
common combustion chamber, and the side furnaces have 
separate combustion chambers. 

(2.) In double-mded boilers, the combustion chambers are 
arranged independently of the number of furnaces. 

A very common and efficient plan is to have opposite furnaces 
connected to the same combustion chamber. Another arrange¬ 
ment gives one common combustion chamber for each end set of 
furnaces; while in the third, which is the heaviest smd most 
expensive method of all, each furnace has a separate combustion 
chamber. 

The arrangements of combustion chambers given above, are 
those usually met with in actual practice, although other 
plans may sometimes be adopted. ^ 

Boilers of S.S. “St. Boi^vald.”—The following illastratioiu 
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represent tlie boilers of tie S.S. St, Boynvaid, constructed by 
Messrs. Hall, Russel? Co., of Aberdeen. ’ 


SPECIFICATION OF MAIN BOILERS S.S. “ST. ROGNVALD." 

OeneraL -To be two in number, cylindrical, multitubular, and fired from 
one end with four furnaces in each. To be made of mild steel (Siemena* 
prooess), with the exception of the tubes. 

ShelU.^EsiSh boiler to be 15 feet extreme diameter, and 10 feet 6 inches 
Icmg. The plates to be J inch thick, in two lenctha fore and aft. The 
circumferential seams to be lap-jointed and double-riveted with rivets l| 
tnohea diameter, and 5^ inches pitch; the longitudinal seams to be made 
with double butt-straps 12f inches broad, ^ inch thick, and double'riveted 
with rivets inches diameter and 5 inches pitch. 

The end plates to be H inch thick, flanged all round, and double-riveted 
to shell. The whole of the rivet holes to be drilled 1 inch diameter before 
the plates are bent, and after they are bent they are to be fitted together 
and the holes drilled out in place to fit the rivets. 

The edges of plates to be planed all round, and the seams of shell to be 
carefully caulked inside ana outside. A bafile plate to be fitted to the 
fronts of each boiler above tubes. 

FurpocM.—To be four in number for each boiler, 3 feet 4 inches outside 
diameter, and 7 feet long, plates to be inch thick, and the top plate to be 
in one piece and jointed to tne bottom plate by double butt-straps | inch thick 
and single riveted. The whole of edges of the platps and butt-straps to be 
planed and caulked outside and inside. 

Combustion Chambers .—The two centre furnaces to have one combustion 
chamber common to both. The two side furnaces to have each a separate 
combustion chamber. The back and side {dates to be ii inch thic^ and 
stayed with screwed stays 1^ mches diameter at bottom of thread, and 
pitched 8? inches apart; made of mild steel, and fitted with nuts at both 
ends. Tne tops of these chambers to be curved to the arc of a circle 
of 26 Inches radius. 

To be of iron, lap-welded, 249 in number (in each boiler), and 
3^ inches external diameter, and No. 9B.W.G in thickness, swelled at front 
end to 3| mches diameter. The stay tubes to be 75 m number (in each boiler) 
Sj inches external diameter, and < 1 ^ inch thick. These tubes to be screwed into 
b^k tu'Jb plate, and fitted with nuts on combustion chamber side, and to 
be secured mto the front tube plate with nuts on each side. 

The longitudinal stays in steam space to be 2^ inches diameter at 
bottom of thread, made of mild steel and pitched 16 inches apart. Washers 
inches diameter, ^ inch thick, to be fitted to each of the stays at both 
ends of boiler (outside). The end plates of the boiler to be tapped, and 
stays screwed in, to a good fit, and afterwards caulked. The whole of the 
staying to be sufficient for a working pressure of 90 lbs. per square inch. 

Steam Domes .—One on each boiler 3 ft. 6 inches diameter, and 7 ft long, 
with plates 4 thick. • The longitudinal seams to be lap-jointed and 
double riveted; the oircuinferential seams to be lap-jointed and single riveted 
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The end pl&tes to be | inches thick, and d^hed to a drole 24 InohM radiosi 
and httea with,one steel stay in the centre, 2{ in<^hea diameter at bottom of 
thread The domes to be connected to the boilers by strong neck pieces 
16 inches diameter inside, and inches long, and double rireted to shells 
of dome and boiler. ^ 

Manholes. —To be cut in the shells of the boilers where required, and to be 
fitted with wroDght-iron doors, studs, bridges, &c., and compensating rings 
of fiat plate, or angle-iron fitted round them, and double riveted to shell. 
Testing.—The complete boilers and steam domes to be tested with water 

f iresBure to 180 lbs. per square inch, before leaving the works, without any 
eakage or si^s of weakness. 

Boner Fixings.— boilers to rest on very strong wrought-iron seats 
riveted to the ship's floors, with double angle irons on the floors. The seats 
to be well stayed in a fore and aft direction. The upper part of boilers to 
be securely fastened to the ship’s beams, in such a way as to allow for the 
boiler expanding without opposition from the stays. 

Lagging. —After the boilers have been fixed in the vessel and tested to 90 
lbs. steam pressure, their upper parts and the steam domes are to be covered 
with an approved non-conancting composition, to extend round as far as the 
centre of the wing furnaces, and then to be sheathed with sheet lead or 
galvanised iron, bound with strong iron hoops. 

Boiler ifoun/tnj/s.—Each boiler to have two spring loaded safety valves 
4f| inches diameter, with easing gear led to engine-room platform, one steam 
stop valve 7 inches diameter, one valve for steam to winches and cranes 2^ 
inches diameter, one valve for steam to whistle, one surface blow-off valve, 
one bottom blow-off valve, one main feed check valve, one donkey feed 
check valve, one salinometer cock, two sets of asbestos packed gauge cocks; 
also an efficient means of circulating the water in boners while steam is 
being got up. The whole of the above valve chests to be of cas^-brass, 
with the exception of the safety valve and stop-valve chests. 

Furnace Mountings. —The furnace fronts, doors, and centre bar-bearer, to 
be made of wronght-ijron, and the dead plates and bars of oast-iron. 
Furnace fronts below dead plate to be fittM with damMr doors, with a 
rack to keep them open to the desired amount. A wrougot-iron door to be 
fitted to lower part of bridge bearer in each furnace, so that ashes or coal 
thrown over the bridges may be removed. 

Uptake and Funnel.—TYio uptake to be formed of i inch and Inch 
wrought-iron plates, with an air space of 2 inches between them. The 
smoke-box doors to have shield plates both ontside and inside, and verr 
strong hinges with brass pins riveted in. The funnel to be formed of ^ inch 
and ^ inch plates, 43 feet high ftom firebars, and 6 feet 6 inches diameter, 
with all necessary hoops and shackles for stays, Ac. 

Boilers of S.S. “Arabian.”—As an illustration of boilers which 
work at a very high pressure, we have selected that afiown in 
the following diagrams, which is the boiler of the S.S. Arabian 
(the engines of which were described in Lecture XXIII., 
Vol. I.), and was constructed by Messrs. Rankin <k Blackmore, 
Greenock. The engines are of the triple-expansion type, and 
the boiler pressure is 150 lbs. per square inch. 

This boiler is single-ended, and is 10 feet 6 inches diameter, 
and 9 feet 5»J inches long. It has two fjirnaces, 3 feet diameter 
(minimum), constructed of Fox’s corrugated steel plate inch 
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thick, and each furnace bas a separate combustion chamber. 
The shell .plates are? of steel 1 inch thick, anJ* the shell is 
constructed in three rings, which are united together circum¬ 
ferentially by double-riveted, lap joints. These rings are jointed 



longitudinally by treble-riveted butt joints, provided with double 
straps or cover plates, inch thick. The rivets used are of 
steel, 1 inch diameter, and, in the case of the longitudinal 
joints, they are placed at inches pitch. The end plates are 
made in three pieces, and are fixed together by double-riveted 
lap joints, and flanged to meet the shell and the corrugated 
furnace flues. The furnace flues are flanged at thp bikck ends, 
and riveted to the combustion chambers. The combustion 






















BoiLFIt Of S,S, •* Ababtan,* • 

O S for Outside Shsjll. B B tur Fire Brick Bridge. 

CF ,, Corrugated Furnace Flues. ; M ,, Manhole. 

CC ,, Combustion Chambers. ID „ Inspection Door. 

T „ Tubes. LS ,, Longitudinal Stays. 

ST ,, Stay Tubes. CS ,, Crown Stays. 

FTP,, Front Tube Plate. SS ,, Screwed Stays. 

B T P ,, Back Tube Plate. SB ,, Smoke-Box. 

F D „ Fumjkce Door. G P „ Guard Plates for L S nuta 

F B „ Furnace Bars. U „ Vptake to Funnel. 

C B ,, Crou Bearer for furnace bars. 
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combustion chambers, are if steel inch diameter, with the 
exception of those forming the outside row, whiofi are inch 
diameter. All these stays have nuts on both ends. The fiat 
sides of the combustion chtanbers are stayed by IJ-inch steel 
stays with nuts on the inner ends only, the outsijle ends being 
riveted over. The boiler contains 122 tubes T, 3i inches 
diameter, of which number 40 are stay tubes S T, whilst six 
otheis are screwed into the back tube plate BTP, and beaded 
over on the front ends. The stay tubes ST, are screwed into 
the back tube plate BTP, and have double nuts on the front 
ends. The stay tubes are inch thick, and the ordinary tubes, 
No. 9, W.G. thick, or T48 inch. The upper part of the boiler, 
and also the lower part below the furnaces, arc stayed by steel 
longitudinal stays L S, 2| inches in diameter at the body, with 
2|-inch screws. A stay tube running through to the front plate 
below the smoke-box, is also provided on each side of the 
boiler, as shown in the end elevation, to support that part of 
the combustion chamber into which it enters. The manhole on 
the top of the boiler is fitted with a ring 6 inches broad and 
1 inch thick, to compensate for the loss of strength of the plfltf 
in which the hole is cut. 



Detail Views, showiso Method of Weldino the 
Boiler Plates foe S.S. “Inciidune.” 

Boilers of S.S. “ Inchdune.” —These boilers are of the ordinary, 
single ended. Scotch type, two in number 13 feet in diameter 
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by 10 feet in length. They are constructed to carry the very 
high steam pressure Vf 267 lbs. per square inch*l This high 
pressure necessitates the use of ve^y strong stays and a shell 
plate 1J4 'Bob thick. The fhell is made of three plates, butt- 
jointed, with inside and outside covering plates. The shell is 
flanged at each end, and, to render this possible, tlie plates were 
welded for a short distance, as shown by the detailed views. 
Since the loss of heat by radiation may be wery great, extra 
attention was paid to the lagging of the boilers and the steam 
pipes. The starboard and port boilers are worked with Ellis 
and Eaves’ system of induced draught. The induced draught is 
effected by two fans placed in the uptake to the funnel. 'These 
fans remove the spent gases from the boiler tubes, and cause a 
partial vacuum into which the air for combustion enters by 
passing through the furnaces. The efficiency of the boiler is 
still further increased by the use of Servo tubes and arch-ribbed 
furnaces. 

Heating and Purifying the Feed-Water.—In all high-pressure 
boilers special attention should be given to the treatment of 
the feed-water before it enters the boilers. The feed-water 
should be of as high a temperature and as free from impurities 
as is economically possible. It is also important that the 
internal surface of the boiler should be protected against 
oxidisation. For this reason, the air held in suspension in 
the feed-water should be got rid of. To effect this, the feed 
is pumped from the hot well through a pair of filters to a 
contact heater, as made by G. dt J. Weir, of Glasgow, where its 
temperature is raised to about 223” Fah., and where any air it 
may hold is eliminated. From this contact heater it is passed 
by means of a pair of Weir’s feed-pumps through a surface 
heater to the boilers. The temperature of the feed-water when 
in the surface heater should be.about 400" Fah., or nearly that 
of the steam in the boiler. 

Small^ Vertical Marine Boiler for Launches and Tugs.— 
In Lecture XXI., Vol. I., we illustrated and described a small 
pair of non-condensing marine engines, by Messrs Shanks 
<fe Son, of Arbroath, for use in steam launches, yachts, and 
small screw-tugs. It is of importance in .such ca-ses to minimise 
the longitudinal space occupied by the boiler as much as pos¬ 
sible, and with this object in view, the above makers have 
adapted their vertical multilubular boiler described-in the 
last lectuie. 
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Tlie accompapying illus¬ 
tration will still turther 
explain the internal con¬ 
struction of tliis iorm of 
boiler, as a sectional plan 
is shown in addition to 
the vertical section. 

Great heating s'lirface, 
easy n^pair, non-lialulity 
to prime, tubes easily 
brushed out, and the 
fact, that any sediment 
which may collect in the 
central tire-box tube can 
be quickly removed by 
simply opening a blow- 
off cock titled on the 
outside shell to which 
is attached an external 
syphon pipe, are s(>veral 
of the allvantages claim¬ 
ed for this arrangement 
Further, no tire-brick de 

tlectorsor internal linings 

are used, neither is the 
shell weakened' by 
cutting it away to admit 
the tubes, nor bolted to¬ 
gether by tianges, while 
the centre of gravity of 
the whole boiler is kept as 
low as possible to insure 
stability in the small 
vessels for which it is 
adapted. 'I’he whole 
boiler is made of Siemens- 
Martin steel. 



Shanks’ Vkrticai, Marine Boiler fob 
Launches, Yachts, anu Small Tuqs. 
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Corrosion of Boilers—CaiKeB and Preventive Measures. —The 
principal causes of corrt)sion in marine boilers are:—(1^ Sea water, (2) 
animal and vegetable oils, (3) air, (4) galvanic action. 

(1) Sea Water.—Sea water varies in composition to a very considerable 
extent, but the following analysis may he taken as giving aoout the mean 
average quantities of the various constituents :— ^ 


Ahaltsis op Sea Water, with Pekcentaoes op tub Various Amounw 
. OF SoMo Matter. 


Substance 

Grains per 
Gallon. 

Lbs. per 
Ton 

Percentage 

of 

Total Solid 
Matter. 

Percentage 
per Oalloii 
of 

Sea Water. 

Carbonate of lime (CaCOs), 

9-20 

•285 

•4 

•013 

Sulphate of lime (CaSO^), . 

112-4r) 

3-478 

4-7 

•16 

Sulphate of maguesiuni \ 
(MgSO^), . . . f 

160-26 

4-!l57 

6-7 

-23 

Chloride of magnesium \ 

261-91 

8-101 

10-9 

•374 






Chloride of sodium (NaCl), 

1,870 86 

67-871 

77-3 

2-673 

Total, . 

2,414-68 

74-692 

100-0 

3-440 


Seeing that there are 70,000 grama in one gallon, or lO lbs., of 
water, each of the above quantities are supposed to be free from any HjO 
or water. 

Under certain conditions, sea water in immediate contact with heated 
copper, brass, iron, or steel surfaces becomes acid, by the conversion of 
the chloride of magnesium into hydrochloric acid and magnesia. The 
hydrochloric acid dissolves a certain quantity of iron from the boiler 
surfaces, forming chloride of iron; as soon as the chloride of iron is formed 
it is decomposed by the magnesia already liberated, precipitating oxide of 
iron and reiorming chloride of magnesium. The oxide of iron deposited is 
ferrous oxide and is black, and remains so unless air is allowed to get into 
the boiler, when it becomes ferric oxide and changes in colour from black 
to brown or red. 

corrosion is Co be prevenCed sea water must be kept out of the boilerSf and 
this can on/y be attained by makimj and keeping the condensers tight. 

Rendering Sea Water No^i-Corrosive. —To render the sea water whioh 
oontaina^he above substances non-corrosive, about 8 lbs. of quicklime or 
45 lbs. of soda crystals per ton would be required. Such large quantities 
are, of course, prohibitive when there is any considerable leakage of sea 
water with the Viiler feeC 


• The author is indebted to Babcock A Wilcox, Limited, for the kind 
permission to abstract a quantity of this useful information from their 
excellent treatise on their “Water-Tube Marine Boilers.” In ^-eckoning 
the percentage of total solid matter and percentage per galloa of sea water, 
he did not think it was worth while to take the exact weight of a gallon of 
sea water as 71,820 grains as against 70,000 grains of pure water. 
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The use of lime has the further disadvantage, that out of the 8 lbs. men* 
tioned above, lbs. would be deposited iu the form of scale. Sea water 
itself has sufficient sulphate of lime to produce 8^ lbs. of scale for every 
ton, so that, if the proper proportion of lime be added, altogether the 
quantity of scale which will he depositedtis 9i lbs. Although this scale, 
when evenly coated over the boiler surfaces, may protect them from the 
corrosive action ‘of the chloride of magnesium, it is at the best only an 
expensive and unsatisfactory remedy, as it increases the consumption of 
fuel, and may damage the boiler by overheating when accumulated. 

iVtporo^ori^.—Evaporators are essential for making-up the loss of water 
due to leakage at glands and joints, but they must be blown down before 
the brine becomes too concentrated ; otherwise the chloride of magnesium 
will be decomposed and give off hydrochloric acid, which will pass over 
into the boilers with the distilled water, and thus render the fresh make-up 
feed-water acid. The action of the acid formed in this way differs from 
that formed in the boiler by the decomposition of sea water, inasmuch as 
it does not immediately afterwards become destroyed by re-uniting with the 
magnesia, but is earned in with the fresh make-up feed, and is held in 
solution throughout the entire volume of boiler water. It is thus in % 
position to attack all parts not protected by scale or otherwise. This is a 
point which demands careful attention, and is not sufficiently recognised 
by marine engineers. On no account should the brine be allowed to got 
anove this point is reached, the evaporator should be blown do^ 

and reJUltd with fresh sea water. 

J)o^ and Tidal Waters.—A very objectionable practice is to fill and 
start the boilers with dock, river, or tidal waters. Dock water is a tidal 
water, and always contains a certain percentage of sea water, with other 
variable impurities. 

Soda and Lime Correctives. —As will be seen from the foregoing remarks, 
the use of either soda or lime should receive careful consideration. It is 
difficult to give any definite instructions as to the extreme limit to which 
it would be wise to go in the case of introducing either soda or lime, since 
so much depends on the circumstances of each case, such as the density of 
the water, rate of working, and the time which must elapse before the 
boilers are next cleaned. 

Experience, however, points to thn use of lime as being the more gener* 
ally satisfactory on a voyage. Soda may be used in cases where the boiler 
water is acid through the density of the brine in the evaporator being 
excessive, and whore no vegetable oil has been allowed to enter the boilers; 
or, when entering port at ^e end of tl^e voyage. 

A small amount of salt water is bound to get into the boilers, even under 
the most favourable conditions, through priming of the evaporator, or due 
to a slight leakage in the condenser tubes. It is an excellent plan to 
continually use a small quantity of milk of lime to neutralise Mis sea 
water. One lb. of lime dissolved in fresh feed-water per 1,0001.H.P. per 
day in the following manner may suffice, and the lime thus used should be 
the ordinary unslaked lime of commerce. It should be finely powdered 
and kept in a dry place. Then, the “ milk of lime” is made by mixing 
about 1 lb. of this lime in a gallon of fresh pure water. It should be 
strained through wire gauze beiore use, in order to get rid of any lumps or 
solid impurities. 

Anti-corrosive for New Boilers. —When starting with new boilers on a 
voyage for the first time, 5 lbs. of lime should be put into the boilers 
through a manhole for every 1,000 LH.P. Then, 2 lbs. of lime per day 
(or every 1,0001. H. P. shoul(f be passed through the hot well, as milk of 
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lime, for about six days. For the remainder of the voyage about 1 lb. per 
1,000 LH.P. per day. a&t the*cnd of the voyage the ooilers should ^ 
examined to see if they have a thin coating of lime scale on their internal 
surfaces. If this is not the case, and (he water shows a black or red 
colour, the use of lime should be continued. 

DaUy Ttiti. —The boiler water should be tested dally by the graduated 
testing bottle or salinometer, and, if found to contain a larger amount than 
about 100 grains of chlorine per gallon, the use of lime should be increased. 

If the boiler water at any time be found acid, a solution of carbonate of 
so^a should be added to the feed at the rate of a buckeit of soda solution per 
hour until the water just turns red litmus paper blue, after which daily 
additions of soda or lime should suflice to keep the water in a safe alkaline 
state. 

Carbonate of soda is effective in changing sulphate of lime into sulphate 
of soda, which is soluble and therefore harmless Carbonate of lime, which 
is also formed, may be easily blown or washed out. 

In all cases on entering wrt, soda crystals dissolved in fresh pure water 
should be added to the feea, as this will tend to soften the scale and render 
the boilers more easily cleaned. 

The use of soda at sea in boilers into which vegetable oil has been 
allowed to enter is sometimes attended by trouble, on account of the soapy 
scum which forms on the surface of the water being carried over into the 
H.P. ovlinder by priming. In such cases lime alone should be used. 

(2) ADimfll aad Vegetable Oils. —Another cause of corrosion in 
boilers is the introduction of animal or vegetable oil with the feed-water. 
By using such oils as lubricants in the steam cylinders, the exliaust steam 
carries ft over to the condensers. Such oil, containing fatty acids, will 
decompose and cause pitting wherever the sludgy deposit can find a resting 
place ii\the boilers. 

Uh of High Flash’Poini Lubricating Oils. —On\w a minimum quantity of 
the highest grade of hydrocarbon oil (such as the best ** valvoline ”) should 
be used in the steam cylinders. In lubricating piston and valve rods, this 
same precaution should be observed Apart from the evil effects of acidity, 
the hydrocarbon deposited upon the heating surfaces of the boiler is most 
harmful. A thin film of this deposit forms a non-conductor, which pro' 
vents the heat passing through to the water, and causes the heating sur* 
faces to bum, blister, and crack. 

FUUring. —The feed-water should be purified on its way to the boiler by 
passing it through an efiScient cleansing filter. 

Graphite is sometimes used in place of hydrocarbon oils as a cylinder 
lubricant. In fact, graphite is gendtally superior to oil, and especially 
so when the steam pressure is as high as, say, 275 lbs. per square inch, 
which corresponds to a temperature ot 400° F.; but, in the case of highly 
superheated steam at, say, 500* to 600* F., then it is found to clog the 
piston-rid^s. 

Many marine engines are run without a particle of internal cylinder 
lubrication, except, what may be used in swabbing the piston-rods with 
pure hydrocarbon oil, under the care of careful competent engineers. 

(3) Ail* with Feed-Water. —Air has been a well-recognised cause of 
oorrcMion for many years. Many instances of rapid corrosion have been 
proved to have b^n caused by the feed-pumps sucking air from the hot 
well, and the feed being delivered to the boiler at a level considerably 
below the water line. 

Small bubbles of air expelled from the water on boiling,'attach them- 
aelvei tenaciously to the heating surfaces. The oxygen in the air at once 
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begins war on the iron or steel, and forms iron rust, making a thin crust 
or excrescence which, when washed away Siy the circulation or dislodged by 
expansion and contraction, leaves beneath a small hole or pit. “Pitting,” 
once started, progresses rapidly, as the indentations form ideal resting 
places for the bubbles of air, and at the same time present increased 
surfaces to be attacked. 

Prosh water at 32* F. absorbs 4 9 ner cent, of its own bulk of oxygen ; 
at 60* P. 3*8 per cent., and at 68* F. 3'1 per cent.; whilst salt’water 
absorbs more air than fresh water. 

To prevent the introduction of air into the boiler, the hot-well water 
should be pumped to a filter tank situated 8 to 10 feet above the feed-pump 
suction valves. By so doing, a largo amount of air rises and is liberated 
from the surface of the water, anfl a head of water at the suction valves 
of the pump is assured. Care should be taken to keep the pump glands 
tight, and to efficiently entrap any free air in the air vessels. 

(4) Galvanic Action. —Formerly, nearly all corrosion in boilers was 
attributed to this cause, and zinc slabs wore suspended wherever possible 
within the water space. The position of zinc relative to that of iron in the 
scale of electro-positive motals, causes the zinc to bo attacked in preference 
to the iron or steel of the boiler whenever galvanic act ion takes place. 
Zinc is, however, only attacked when the Doiler water contains salt, 
because it is then electro-positive to the iron inside the solution. This 
action is merely another evidence of the presence of sea water in the boiler 
feed, and the ntting of zinc plates is only an expedient to minimise the 
action of the objectionable sea water. If the sea water be prevented from 
entering the boiler, the zinc will not readily act, and there will be little 
necessity for using it in large quantities, thus lessening a very expensive 
item m the working of marine boilers. 

PrevejUion by Ztnc Siabs. —To afibrd efficient protection by the use of 
zinc, there must be perfect metallic contact between the zinc slabs End the 
iron or steel shell of the boiler. The bolting of zinc slabs inside the drums 
of tubular boilers, and near the entrance of the feed-water, is recommended 
as of positive benefit. In fact, so long as the zinc slabs continue to oxidise 
and aisiutegrate within a boiler, it shows that they are confining to 
themselves an amount of harmful action which would otherwise act upon 
the iron or steel of the boiler. 

Method of Testing Water for Corrosiveness.—The first thing is to 
tee that the colour of the sediment of the water, as shown in the gauge 
glass, is neither black nor red. The only colour admissible is slightly dirty 
grey or straw colour. So long as the sediment of the water is red or 6/acA, 
corrosion is going on, and it must immediately be neutralised by the in* 
tolligent use of lime or soda, with frequent scumming or blowing off of 
some of the boiler water. The “ make-up” feed-water is provided for by 
the evaporators. 

The ordinary salinometer is an instrument for determining 4he total 
quantity of solid matter in the boiler water. The apparatus here described 
gives a convenient and correct method of ascertaining the exact number of 
grains of chlorine in the water to be tested. It contains one graduated 
bottle, one bottle of silver solution containing 4*738 grains of silver nitrate 
to 1,000 grains of distilled water, and one bottle of chromate indicator, 
which it a 10 per cent, solution of pure neutral potassium chromate. 

It must be clearly understood, however, that this apparatus merely 
determineo the amount of chlorine which the boiler water contains per 
gallon. The solid matter per gallon oorresponding to the chlorine is given 
St the following table 
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To make the Te^f.^Fill tlie graduated bottle to the eero mark with the 
(rater to be tested; add one drop of the cnromat% indicator and shake the 
bottle; then slowly add the silver solution; keep shaking the bottle, (te 
nearing the full amount of silver ^lution required, the water will turn red 
for a moment, and then back to yellow aggiin when shaken. The moment 
it turns red and remains red, stop adding the silver. The reading on the 
graduated bottle* at the level of the liquid will then show the amount of 
chlorine in grains per gallon. For example, if a permanent red colour is 
shown when the level is midway between 150 and 200, there are 175 grains 
of chlorine per gallon* 

The principle of the process depends upon the fact, that if some of this 
silver solution be dropped into water containing a chloride, a curdy white 
precipitate of chloride of silver will be formed. If there is also present in 
the water enough potassium chromate to give a yellow colour, the white 
precipitate will continue to form as before, owing to the silver having a 
greater aflSnity for chlorine than for the chromic acid in the chromate. 
But, at the moment when all the chlorine in the sample has been converted, 
the silver will attack the yellow potassium chromate, and chromate of 
silver will be formed, which is red in colour. The amount of chlorine 
present is, therefore, shown by the amount of silver solution required to 
convert it all to silver chloride, and the exact point when the chloride 
precipitate ceases to form is shown when the chromate indicator turns 
from yellow to red. 

It 18 not necessary to add the silver solution until the colour becomes 
very red, as the delicacy of the reaction would bo destroyed, but the 
change from yellow to yellowish-red must be distinct, and must not change 
on shaking. The sample of water to be tested should be neutral, as free 
acids dissolve the silver chromate. If it should be acid, neutralise by 
adding sodium carbonate. Sliglit alkalinity does not interfere with the 
reaction, but should the sample be very alkaline, it may be neutrali^ by 
nitric acid. 

Should it happen that the colour does not change within the limits of 
the graduations, ihe sample may be tested by diluting with distilled water. 
For example, add three ^rts of distilled water to one part of the sample. 
If then, on testing the mixture, the colour changes at 200, the number of 
grains per gallon in the original sample will then be four times this 
reading, or 800 grains. 

The chlorine mould be kept down to the least possible amount—say, below 
100 grains per gallon —as the nearer the boiler water is kept to that of 
fresh water the safer the boilers are against corrosion. 

Examples.—A boiler containing 500 gallons of distilled water which 
has been impregnated with 500 ozs. of sea water (1 oz. to the gallon * 
266 grains of chloride per gallon) would, according to the following table, 
require little more than 3-3 lbs. of lime, or 18*6 lbs. of soda, in order to 
make it neutral, and therefore non-corrosive. (The exact figurer would 
be: lime, 3-6 lbs,; soda, 19-6 lbs.) Whereas, a boiler containing 500 
gallons of water taken direct from the sea would require 17’5 lbs. of 
Dr e, or 98 lbs. of soda, in order to bring about the same result 

While the amounts of lime or soda in the first case are well within prac¬ 
tical limits, and may be used in the boiler with advantage, those given for 
pure sea water might cause serious trouble. 

It must be clearly understood, that the following table is only given for 
the engineer’s information. It should not be taken as an instruction to bo 
implicitly followed for the amount of soda or limU to be used with various 
densities of sea watet. The ongineer can easily estimate the amounU of 
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soda or lime he ii putting in frota time to time and the amount of make-up 
feed that is being introdueed into the boiler, by carefully following out the 
mstruotions given in the previous “Notes on the Corrosion of Boilers.” 

• 

Table suowiko the Amount in* Pounds of Lime or Soda required to 
Counteract the Corrosive effect which various Admixtures of 
StfA Water WOULD have tn 600 Galls. (5,000 Lb3.)of IIoilrr Water. 


Lhue In Lbs. 
for every 
600 OalU. 
Boiler Water. 

Chlorine 
Tests 
in Grains 
per Gall. 

, Soda Crystals 
in Lbs. for 
every 600 Galls 
Boiler Water. 

Lime in Lbs. 
lor every 
600 Gulls 
Boiler Water. 

Clflorine 
Tests 
in Grams 
per Gall. 

Soda Crystals 
In Lbs. for 
every 600 Galls. 
Boiler Water. 

18-48 

1,400 

104-16 

9-24 

700 

62-08 \ 

17-82 

1,350 

100-44 i 

8-58 

650 

48-36 

17-16 

1,300 

96-72 

7-02 

600 

44-64 

16-50 

1,-250 

93-00 1 

7-26 

650 

40-92 

15-84 

1,200 

89-28 

6-60 

500 

37-20 

15-18 

1,150 

85-58 

5-94 

450 

33-48 

U‘62 

1,100 

81-84 

5-28 

400 

29-78 

1S-S6 

1,050 

78-12 

4-62 

350 

26-04 

13-20 

1,000 

74-40 

3-96 

300 

22-32 

12-64 

950 

70-08 

3-30 

250 

18-60 

11-88 

900 

60-90 

2-64 

200 

14-88 

11-22 

860 

63-24 

1-98 

160 

11-16 

10-56 

800 

59-52 1 

1-32 

100 

7-44 

9-90 

* 

750 

65-80 ‘ 

1 

-66 

50 

3-72 
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« 

' Lkctuue X\ III - QuEm(JN3. 

1. Knumerate ihe different rlassoa of marine boilers at present in 
general use, and describe briefly their Jutinctive features. Give freehand 
sketches of each of these tyfies, and state the maximum pressures at which 
they are workdd. Why has the rectangular boiler been given up, and 
what two forms of rectangular boilers wore in use 50 years ago? 

2. Describe the construction of a marine boiler with four furnaces of 
modem type for high pressure steam. Sketch a cross and a longitudical 
section, showing the water spaces, with a complete index of the variotui 
parts. How are the flat surfaces stayed? Enumerate all the principal 
nttings. 

3. Describe the construction of, and sketch both in transverse and 
longitudinal section, a marine boiler. Mention some of the causes to which 
a loss of heat may be attributed when the boiler is m operation. 

4. Sketch and describe by an index of parts a cylindrical high-pressura 
marine boiler with two furnaces, showing the mode of construction and 
itaying, and desciibe the several processes employed in its construotiol 
from the commencement until its completion in tne shop. 

6. Sketch and describe clearly how the furnace tube of a cylindrical 
marine boiler is constructed, and how it is attached to the combustion 
chamber and front end plates, and also how expansion is allowed for. 

6. Give a freehand sketch of a marine engine boiler, with all the necessary 
fittings in their relative positions; name them and their respective uses. 

7. Referring to the description of the engines and boilers of the 

S.S. “Inchdune,” sketch and explain in detail the boilers, superheaters, 
and induced draught arrangements. Point out wherein these are novel or 
beyond ordinary current practice. r 

8. Illustrate and describe any method of induced draught for marine 
boilers. How may the efficiency of a boiler be increased ? Why should 
the feed-water be hoatrcd and purified before it is admitted to a high- 
pressure marine boiler? 

9. Sketch and describe by an index of parts Shanks’ small vertical 
marine boiler for steam launches or Funall tugs. 

10. Give a table of analysis of sea water, and calculate the percentage 
weights of solid matter by reckoning the specific gravity of salt water 
as 1 026. 

11. Mention the chief causes of corrosion in marine boilers, and how 
these may be prevented. 

12. Explain clearly, by aid of a sketch and table, how you would test 

the proportion of chlorine and total solid matter in feed-waters. What is 
meant by saying that the saltness of water is or ^ or /y? and show 
how this curious fraction is used as a standard. ^ 

13. Describe in detail the method of testing water for its corrosive 
properties. State how you could best neutralise these evil properties in 
feed-water by an example. 

14. Describe the chief methods of producing a forced boiler draught, and 
point out the advantages and disadvantages of each. 
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LKOTURK XTX. 

WATER-TUBK MARINK BOILF^RS. 

Contents.— The Navy Boiler Question and the Decision of the Special 
Committee—Water-tube Boilers—Belleville Boiler—The Babcock ft 
Wilcox Marine Boiler—The Yarrow Small and Large Tube Types— 
Normand Boiler—Clyde Water-tube Boiler—Thornycroft Boilers of 
the “Speedy” and “ Daring” Types—Coniparativo 'I’rials of Water- 
Tube Boilers—Questions. 

The Navy Boiler Question and the Decision of the Special Com¬ 
mittee. —Tlie vexed problem of tlie best class anel kind of boilers 
for H.M. Navy occupied the attention of a Select Committee for 
nearly four years, from 1900 to 1904. They devoted a large 
amount of care and attention to the arduous task entrusted to 
them^ and conducted exhaustive experiments on board several 
vessels of the Royal Navy. They brought all their expert know- 
ledge to bear upon the results of their own experiments, as well 
as upen the evidence and circumstances laid before them. 

On August 2, 1904, the “Final Report of the Committee” 
was issued. They find, that water-tube Jioilers are es.sential, 
and that the Yarrow large tube, together with the Babcock ft 
Wilcox boilers, are the best up to the present, for all large ships, 
without even the assistance of cylindrical boilers. This is a 
most important change in the attitude of the said committee, 
for, in their previous reports, they expressed a preference for 
one-fifth of the boiler power in these large cruisers and battle¬ 
ships being of the cylindrical or Scotch marine system, and 
with four-fifths of the water-tube type. 

So many difficulties had arisen previous to the appointment of 
the c^mittee, both inside and outside the British Navy, in 
regard to the working of the Belleville boiler, and so many 
accidents had originated with them, that the demand for their 
abandonment came from many quarters, although with the more 
recent and systematic system of firing they did very good work. 
Further, the almost unanimous decision, that the best days of 
cylindrical boilers for such vessels were past, caused the com¬ 
mittee to concentrate their attention and trials chiefly upon the 
Babcock ft Wilcox, the Niclausse, the Durr, and the Yarrow 
large tube kinds, with the result that they were satisfied 



350 


LECTURE XIX. 


with the first and the last of these four types of water-tnbe 
boilers. a 

In the Babcock <k Wilcox boiler the tubes wherein steam is 
generated are nearly horizontal; whereas, in the Yarrow boiler 
they are nearly vertical. The committee say, that each of these 
two types has its own particular advantages, and that it can 
only be determined by long experience on general service which 
is the better boiler for naval requirements. They admit, how* 
ever, that in these two types the resources of engineering are by 
no means exhausted, and they bespeak an ample trial of any 
other type of boiler which may in the future seem to possess 
great merits, with the suggestion, that it should be first of 
all fitted and tried in a smaller vessel or in a second-class 
cruiser. 

In regard to small vessels of high speed the committee state, 
that from the nature of the case some form of “ express ” boiler 
with small tubes closely pitched is absolutely necessary in order 
to obtain such a ratio of output to weight of boiler as is now 
required for torpedo boats and destroyers. For small cruisers 
which have to remain long at sea and act with the fleet, it is 
probable that a boiler of the Yarrow large tube type would give 
better results than the “express ” type hitherto adopted. 

The Durr boiler was the only one tried which was fitted with 
superheaters, but the results obtained from the same were not 
sufficiently convincing to enable them to express a decided 
opinion on the value of superheating as applied to naval boilers. 

We shall now devote a few pages with illustrations to a 
detailed description of a few of the best known and most 
approved types of water-tube marine boilers. 

Water-Tube Boilers. —Although this type of boiler has been the 
subject of many patents during the last seventy years, and has been 
frequently employed for land purposes within the last twenty years, yet it 
is only quite recently that they have bgen successfully applied to steamers, 
and more especially to war vessels of our own and foreign navies. The 
main objects in view in their adoption as marine boilers have been :— 

(1) The reduction in weight of the engines, owing to the higher pressure 
of s^m obtainable, and also of the weight of the boilers. 

(2) The raising of steam or the pressure as quickly as possible. 

(3) Reducing the quantity of water in the boiler, and hence the dead 
weight carried, 

(4) Reducing the risk of injury to firemen ; for, should a tube burst, the 
liberated steam can at once escape up the funnel. 

(6) The withstanding of sudden variations in temperature, duo to raising 
or letting down the steam quickly, or leaving the fire doors open. 
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StMBi can be raised withio half an hour from cold water to a pressure of 
200 lbs. in some of the b^t wate^tube boilers; whereas, it i^ot unfrequently 
takes from three to ten nours to get up steam of the required pressure in 
the large cylindrical marine boilers of the type illustrated in Lecture 
XXIX. Also, the steam can be let doW^ very quickly by withdrawing 
the tires and leaving the fire-dobrs open without causing any leakage or 
apparent damage to the boiler. Such treatment in t^ case of large 
cylindrical boilers would most assuredly result in seriously damaging them. 
In a well-designed water-tube boiler the water circulates very rapidly 
throughout the whole system, and the temperature is thereby maintained 
more uniform than in the cylindrical boiler, where the water under the 
furnace floes is often quite cold, unless a hydro-kineter or circulating pump 
is used. This sluggish circulation and consequent difference in temperature 
between the upper and lower parts of the cylindrical marine boiler pro¬ 
duces severe stresses owing to unequal expansion of the plates, and often 
causes leakage at the furnace mouths and shell-joints. 

Water-tu^ boilers may be divided into two main classes. (1) Those 
possessing comparatively large tubes (of 3 ins. or more in diameter), inclined 
less than SO” from the horizontal. The Belleville and Babcock-Wilcox 
boilers belong to this class. (2) Those having suiall tubes (less than 2 ins. 
diameter), and inclined more than 30® from the horizontal, of which the 
Thomyoroft and Yarrow boilers are examples. These two classes may 
again be subdivided into (a) priming or foaming boilers, where the com¬ 
bined water and steam are delivered above the water line into the upper or 
steam drum, as in the Belleville and Thornycroft boilers ; and (h) drowned 
tube boilers, where the water and steam are delivered into the .steam drum 
6e/oui its water level, as in the Babcock-Wilcox, Normand, and Yarrow 
boilers. 

The following skeleton figure will serve to illustrate class (2) and its 8ul>- 
divisions (a) and (6), more effectually than any worded description, while 



fiiiLiTOK Diagram OTTffa “Drowned” and “Foaming” Types ovTiti 
Small “Tube” Class or Watee-Tdbe Boilebb. 
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elaas (1) will be readily imderetood from the following ilhstrationa of the 
Belleville and Babcock-Wilcox bdilers. 

Bdlleviile Boiler. —This boiler belongs to the first or large tube class 
and to sub-division (a), since it is a priming boiler. It consists of from eight 
to ten sets of tubes at an luclmi^tton of T in 25, and placed side by side 
over the fire, together with a feed collector, a steam drum, and a mud 
drum. Each element is in the form of a fiattened spiral of straight tubes 
screwed into junction boxes of malleulile cast iron. These junction boxes 
are placed vertically abovo each other with the upper end of one tube on a 
level with the lower end of the next one. Holes provided with doors and 
cross bars are fitted to the front boxes for the inspection and cleaning of 
the tubes. The diameter of each tube is usually about 44 ins. The lowest 
junction box of each element is connected to a horizontal cross tube (called 
the feed collector) at the front of the boiler. The uppermost tubo is con¬ 
nected to the lower part of the cylindrical steam drum, which is outside the 
boiler casing. A vertical circulating pipe or downcomer is also placed outside 
the casing, and connects the bottom of the steam drum with the mud drum. 
The upper end of the mud drum is attached to the feed collector. The 
water line is about halfway up the elements. The feed water, which is 
delivered into the steam drum at the end furthest from the downcomer, 
passes along the bottom of the same, and then down the external down¬ 
comer, through the mud drum, into the feed collector. It then enters'the 
elements, to be heated by the fire on its way upwards to the steam drum, 
where it is delivered as a mixture of water and steam. The water and 
steam are separated by dash plates, and the water, with the addition of 
any fresh feed, passes along the bottom of the steam drum again to the 
downcomer, as before. The feed water is supplied by duplex pumns, at a 
pressure of about COO lbs. per sq in., and the admission is regulated by an 
automatic control valve of the float type. Before the feed water is pumped 
into th^ boiler it is mixed with lime, in the proportion of about 4 lbs. per 
1,000 I.H.P. every twenty-four hours, in order to aid the precipitation of 
oil and lime salts present in the water. These, f^u being heated in the 
steam drum, precipitate in a finely-divided state and settle to the bottom 
of the mud drum. If they did not do so, they would adhere to the inside of 
the heating tubes and cause overheating by their forming a non-conducting 
lining, and thus prevent the due absorption of the heat by the water. The 
steam, after leaving the boiler, passes through a separator (which is fitted 
with an antomatic valve dram trap), then through a reducing valve to the 
engine. The effect of this reducing valve is to slightly superheat the steam 
and ensure a supply of dry steam at a constant pressure to the engines. 
As long as the pressure in the boilers does not drop below that for which 
the valve is set, the engines receive steam at a constant pressure. 

Another feature of the Belleville system is the admission of jets of air 
at a pressure of 8 to 10 lbs. per eq. in. above the fire grate, with the object 
of thoroSghly mixing the gases and ensuring complete combustion of the 
fuel. The gases are caused to pass backwards and forwards among the 
tubes on their way to the chimney by bailie plates. 
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The Babcoek and Wilcox Marine Roller (Ste tU Faxting 
This boiler corsista of inclined Uibes formingethe bulk of the heating 
Burfaco, a horizontal steam and water drum, anrl a mud drum. The tubes» 
which arc of seamless stcol, arc expanded at both ends into wrought-stoel 
boxes or lieadeTs, and tluis form vertical sections. By means of connec* 
tions with tile sicam and water drum at the ujiper ends of these hearlers, 
the steam gcneratoil in the tidies is liberated and water supplied to take 
its place. I’lie furnace is underneath tlio nest of tubes, and the gases, as 
eliown by the direction of the airow.s, coino into intimate contact with all 
the heating surface. 'L’ho furnace is lined with firebricks in the case of 
boilers for tlio Mcn antile Marino, but, for Navy purposes (and in all cases 
where light weight is of importance), witli llre-tiles bolted to the side 
plates. Tlie w’holo boiler is enclosed in a special arrangement of iron 
casing, fitted with fire refractory material, which is very effective in 
preventing radial ion of heat. I'he steam and water drum is of large 
volume, and made of wrouglit-sleol plates. Tlio sinuous headers and 
mud ill urn are made of \i fought steel, and aro of sucli amjile strength, that, 
no slav iiolts are reiiuiici], wilii oven the higiicst pressures. Opposite the 
end of eacli tube, or group of lubes, is an intei nal fitting or door, of oval or 
jq^uaie shape. The joint is mad<‘ on ihe inside of the header by means 
of an asbestos wire-woven ring 'I’lie door is drawn up into place by an 
outside Ixilt and nut, and dog, or cap. All the steam mountings, such as 
stop anil sateiy valves, feed-cheek valves, water and pressure gauges and 
scum valves, aro attached to the .steam and water drum ; the blow-out 
valves are attached to the mud drum. 'I'he steam and water drum is 
fitted with w.isli plates to pievcnt undue motion of the water when the 
ship 13 rolling. 

The steam generated in the tubes rises vertically through the rear 
lieadcrs into the steam and water drum, whence the water returns to the 
front headers ami iho tubes. Thus, there is a continuous circulation of 
water in one direction, and this continuous circulation gives water of an 
equal temperature in all the parts, so that undue stresses from unequal 
tempeiatures are avoided. The intelior of the boiler offers the greatest 
facility for cleaning, and, by means of doors arranged in the side caaingg, 
there is eipial facility for tlie removal of soot. There is a firebrick roof to 
the furnace, extending from the front headers towards the rear, Vor about 
two-thirds of the length of the tubes between the headers. From the rear 
end of this furnace roof bafllc plates of iron rise vertically, and direct the 
heated gases upwards. These plates reach to about two-thirds the height 
of the tubes in a section. The gases pass over tlie top of these plates, 
and are directed downwanla by horizontally-inclined baffles (resting on the 
top row of tlie inclined tubes) and a second setof vertical baffles, as shown 
in the ilhistration. The gases pass under the lower edge of t^e seoofid 
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set of baffle plates, rise up between tffls anil the front header, and pass 
by the steam drum nnionfUie two top l.ws of return tubes and into tho 
uptakes. (See the wave tine Ky\^ li the Longitvdninl Sielion of the 
facing Plate.) « 

The feed-water enters tlie steam druiiL lielow ibc water lerel, pa-ssing 
verticStlv thrmigh a eontiaetrd i]o//le mtotlie sleaiu space, *11111 isilellccled 
downward.s by a eovoror guaril into Ifiu w.itei spa. e, tile an lieiiig libeiated 
before the feed-w.ater enters into the circulation. I'lii-pa .iter pait of tho 
suspended matter in the feed wats-i is ilepositci 111 the limit illiiiii. 'rim 
water in the tubes is lie.ilcd by tlie linccl lic.it ol the fiirii.ice gases 
while passing thioiigli Ihc iiuliiieil tiilio. ihiihng w'atcr ami the ste.aiii 
thus forineil llieii use 111 the rc.ir lic.olcis, anil pass ihroiigh the letiini 
tubes into the slc.inl .uni water ilmiii Tin- nalci is ilclle led douiiward.s 
by baffle plates, and the steam esi.ipes lliioiieli a diy pipe in the lop 
of the ste,am and w.ater drum to the nnuii steam stop valve. 
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ThO YBlTTOW Boiler.—This kipd of boiler belongs to the small tube 
tvpe. It is, in general form, a tria gula# prism,dthe steam drum forming 
the apex, and tne two lower drums ith the fire grate, the base. It differs 
from moat of the small tube boilers in having straight tubes, which are 
expanded into the drums. * , 

in the smaller sizes these drums are in halves and bolted together, but 
in the larger siaes the steam drum is cylindrical and riveted, the^wer 
chambers being semi-cylindrical or O shaped, With a fiaage to which the 
tube plate is bolted. 



PxBaFEOTivE View of Yarrow Boiler without 
Casino and Fire Grate. 

• 

As first designed, these boilers had the drums carried outside the casing 
and downcomers fitted to permit the water to circulate from the upper to 
the lower drums, and thence up through the tubes again; but in the more 
recent deslgns^^ these downcomers have been discarded. Mr. Yarrow has 
made numerous experiments, which have satitificd him that these are 
unnecessary. One of these consists of a model of a section of his boiler 
made with two glass tubes. He applies heat to one of tliese tubes, thus 
oausine a eirculatiln of water up the heated lube and down tho cold one. 
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On applying heat also to the cold tul'%the circulation becomes more rapid. 
He then removes the source of Iteat faoin tho up-take tul^p, still applying 
heat to the down-take oue, and the ilrculation continues as before. This 
proves, at least, that^if circulation is stj^ted it is not easily stopped ; but 
there is no doubt that the ordii^iry tubes act alternately as up and down 
comers respectively. 

ir.j tubes are expanded into tho tube plates and steam drum. These 
were originally made of copper, but at the bi^h temperatures and pres* 
lures now in use, copper is unreliable, and bebules which it is difficult to 



► Yarkow Boilke. 

Half Cboss SectiOxS. Half End View, 


detect a flaw in a newly drawn copper tube, consequently steel tubes haro 
been substituted and found quite satisfactory. The tubes in the Yarrow 
boilers for the Dutch (Jovernincut afe 1^ in. in diameter by 5 ft. long, and 
are seldom fitted of less dia^icter than 1 in. 

The Yarrow boiler of H.M.S. “ Hornet,” which has a heating surface of 
1,027 sq. ft, and agrate surface of 20’6 sq. ft, and weighs, with its fittings 
and waUr complete, 5'35 t^ns, was found to evaporate 12,600 lbs. of water 
from 60* F. to 180 lbs. pressure per hour. In this case, the tubes were of 
eopper and 1 in. in diameter. Length of fire bars and steam drum were 
6 ^ it. and 7^ ft. respectively, and steam could be raisedsto full pressure is 
twenty miautee from lighting of fires. 
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Nopm&nd Boil6P.—The Nonr/and boiler is somewhat similar to the 
** Yarrow,” Wt it has outside do\Locom^rB and curved tubes, as indicated 
by the skeleton diagram at the b<|;inning of this article. This construc¬ 
tion renders it less liable to str^ses during the rapid raising of steam, the 
forcing when at work, and the sudden sooling to which water-tube boilers 
are often subjected ; hnt on the other hand, should the necessity for the 
removal of a Imbe arre, many of the surrounding tubes have alsf'to be 
displaced. 

''Clyde Water-Tube Boiler.— This boiler, which is manufactured by 
Messrs. Fleming AiFerguson, of Paisley, is shown in pcrspectue with .the 
outer casing removed, in following Bgurc. Recently two of these boilers 



Th* “Cltoe” Water-Tube Boiler. 


were fitted into the Canadian cruiser ''Aberdeen/* and they have been 
reported hpoQ favourably by the chief engineer. 

This boiler is also of the drowned tube typ^ and resembles the Yarrow 
Ui form, but the tubes are curved, and are so arranged that any one of 
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them m&y be readily removed by wiAdrawing them into the upper drum. 
The diameter of the upj^r druni is 6 it., and that of the two lower drums, 
3 ft. The tubes are expanded int<|the top and bottom drums m the 
ordinary way, and are 2^ ine. diameier, except for a short length at the 
upper ends, where their diameter is increased to ins. They are placed 
zi^sag, so that the flame from tfle furnace has to wind through them. 

ThornyCPOft Boiler. —Two foitns of this boiler are shown by the 
follotring flgures, and are known as the Speed}/'' and Danu<j" types 
re^ctively. 

The Thomycroft is one of the most efficient forms of water-tube boilers, 
but is open to the same objections as the Noimand—t-iz., the use of curved 
tubes, which involve considerable trouble in their removal or replacement, 
examination, and cleaning. The tubes connecting tlie lower ami uj)jier 
drums entar the latter above the water level, thus constituting a boiler of 
the foaming type. The jets of water and steam from the tubes impinge 
against baffle plates, which cause the water to drop down mto tlic steam 
drum, and allow the steam to pass freely without having to force its way 
through the water, as in the case of the drowned tubes in the Yunuw and 
Normand boilers. 

In trials for economy, the Thomycroft boiler has evaporated as uiiicli as 
13'^ lbs. of water from and at 212® F. per lb. of coal when burning 7 lbs. 
of coal per sq. ft. of grate per hour. 

The earlier, or “Speedy” type, has external downcomers. The newer, 
or “Daring” type, has the downcomois between tlie steam drum and the 
centre water drum, and a connection out.iide between tlie hack ends of 
the centre water drum and wing drums, as shown at the extreme right* 
• hand of the semi-cross sectional figure. The outer casing is made of very 
thin galvanised sheet iron, with an inner thick lining of asliestos imllboarcf, 
which thus prevents radiation and damaging of the casing 

Omf advantage of the Thomycroft boiler, and particularly of the later 
type, is the large combustion chamber, which allows thoiougli mixing and 
combustion of the gases, and must therefore greatly conduce to the economy 
of the boiler. * 
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hhCTTRl Xlf; —(,>1 FS'ri"*.'; 

1. Give & concise clear idea the 19^4 finding of the Special Committoe 
OQ.the Navy boiler (jnestion. 

2. * State the main objects to be kept m view in the udoptiou of water- 
tube boilers for steamships. Illustrate by diagrammatic sketches two main 
classes of water-tube boilers. 

• 3. Sketch and describe in detail the Belleville boiler. State its good 
and bad qualities. 

4. Sketch and describe’in detail the Babcock & Wilcox marine boiler. 
Point out its special features and qnahtications. 

5. Compare by aid of sketches, with index to parts, the small and the 
lai^e tube Yarrow type of boiler. State their respective qualifications for 
dinerent types of vessels. 

6 . Sketch and describe in detail the “Speedy ” and “ Daring” types of 
Thornycroft boilers. Compare their qualifications and special uses. 

7. Describe, with sketches, some one form of water-tube marine boiler 
with which you are acijuainted. No fittings need bo shown. What are 
the most important things to remember when designing these boilers? 

8 . Describe, with the aid of a sketch, any type of reducing valve for 
reducing the pressure of steam from a higher variable to a lower constant 
pressure, eiqilaining clearly its action and how the lower pressure may be 
adjusted. If the pressure on the boiler side of the valve be 300 lbs. per 
square inch gauge (corresponding temperature 422° F.) and on the engine 
side be 250 lbs. gauge (corresponding temperature 406° F.), calculate the 
dryness fraction on the engine side if that on the boiler side be '96. 

• 

9. Describe, with the aid of sketches, the construction of one type of 
water-tube boiler as used in the Navy, and point out the special advan- 
tagoa of this type of boiler for naval purposes. • 

10. Describe, with as many detail skctffiiea as you consider nQcessary, 
one of the following:—(a) A locomotive boiler; (6) a Belleville boiler; (c) a 
Lancashire boiler. Any staying used must bo carefully shown, and the 
method of calculating it explained, and the feed and steam valve arrange¬ 
ments fully explaiuedl 



364 


NOTKS ON LEp'lORI! XlX. 



3^6 


LKCTXJKE* XX. 

BOILER CONSTRUCTION. 

Contents.— MaterialB' used in Boiler Construction—Wronght-Iron, Steel, 

• Copper—Joints of Boiler Plates, Riveted Joints, Bunching and 
Drilling, Hand and Machine Riveting, Caulking, Welded Joints— 
Methods of Conncctin'g the Parts of the Shell, and Flues—Staying of 
Boilers—Strength of Boiler Shells—Strength of Flues—Strengthening 
Hoops for Flues—Corrugated Furnaces —Questions. 

Materials used in Boiler Construction.—The earliest forms of 
jteam boilers were constructed chiefly of cast-iron, but on 
account of the low tensile strength of this material and its 
unreliable nature when subjected to the variable temperature 
and stresses in a steam boiler it has been abandoned for many 
years. 

Wroughl-Iron .—Until the recent introduction of mild, soft 
steel, wrought-iron was the material which was almost exclu¬ 
sively employed for the construction of steam boilers. Wrought- 
iron possesses great tenacity, combined with the important 
qualities of toughness and ductility. It is therefore well adapted 
to reSist sudden strains and alterations of temperature, and does 
not give way suddenly or without warning. Also, its capability 
of being welded, forged, and Hanged, adds to its value as a 
material for boiler construction; whilst it is a matter of impor¬ 
tance that its strength is not influenced to any appreciable extent 
by a moderately large increase in temperature, such as high- 
pressure boilers are subjected to under ordinary circumstances. 

The average ultimate tensile strength of wrought-iron bars 
may be taken at 22 tons (or about 50,000 lbs.) per square inch; 
the tensile strength of the best quality of bar iron being about 
25 tons (66,000 lbs.) per square inch. The average tensile 
strength of wrought-iron plates as used for boilers, is— 

\^ith the grain = 21 tons (47,040 lbs.) per square inch. 

Across „ „ = 19 „ (42,660 „ ) „ „ „ 

The plates used in boilerm^ing should all be of good quality; 
inferior plates give great trouble and are always unsatisfactory. 
The plates require to jSass thi-ough some of the various processes 
of flanging, dishing, welding, punching and rolling cpld and in 





Fractured longitudinal joint in a new boiler from the use of a brittle iron 
plate. Norwich explosion, 25th yeptember, 1866. The plates were of 
Cleveland iron, and when tested by bending, broke oflf short. They were 
quite wanting in ductility. 

Only a very good quality of plate will stand flanging wrth 
impunity; and where joints have to be welded, satisfactory work 
cannot be obtained with an inferior plate which is wanting in 
ductility. Many inferior plates have a high tensile strength, 
but are brittle and do not possess that toughness and ductility 
which are essential qualities when much forging has to be done. 
The plates of the furnace flues are the most important, since 
these are more severely taxed by variations of temperature 
(causing sudden expansions and contractions), than any other 
plates in the boiler.. The plates of the furnace crowns are 
alternately in contact with the fierce hot flames from the fire, and 
the currents of cold air which rush into the furnace each time the 
firing door is opened. The constant straining of the plates which 
is thus induced is very trying, and none but plates of very good 
quality will stand it for a great length of time. The various 
brands put upon plates, such as Best, and Best Best, &c., are very 
misleading, the “treble Best” plates of one maker being no 
better in some cases than the “Best” plates of another. It is 
only by the use of efficient testing machines, careful chemical and 
microscopical analysis, that a thorough knowledge of the capabili¬ 
ties and nature of a given quality of plate can be ascertained. 

Steel .—This material has come into use very largely for boiler 
plates within the last few years, owing to the valuable properties 
it possesses when manufactured iq the mild form. Mild steel 
boiler plates containing about O'l per cent, of carbon are now 
manufactured by the Bessemer, Siemens and basic (Thomas- 
Oilchrist) processes, and have an ultimate tensile strength of from 
26 to 30 tons per square inch, with an elengation in test strips 
(8 inches long) of from 20 to 25 per cent. Steel plates with a 
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higher tensile strength than this'tre usually too hard and brittle 
for boilermaking purposes. t)wii]g to the greater tausile strength 
of steel, boilers made of that i^aterial are much lighter than 
when made of iron, and the ^plates’being thinner, the joints are 
more easily made tight Good mild boiler steel plates also possess 
a ductility superior to wrought-iron, and are therefore more 
suitable where flanging has to be done. They can bo treated 
whether cold or hot by experienced workmen with the same 
freedom and usage as applied to malleable iron plates, except to 
a small extent in the cAse of welding, for the steel plates do not 
weld quite so freely as iron ones, and the welds are not so trust¬ 
worthy. Steel scrap, however, welds into blooms quite as freely 
as wrought-iron 8cra|), and the forgings are generally superior. 

There have been a few cases of the failure of boilers con¬ 
structed of steel, the plates of which had been tested before 
they were used and found to be of a good quality. These failures 
have engendered in the minds of some engineers a certain amount 
of distrust of this material. Steel plates are undoubtedly more 
severely injured by punching than iron plates, and should always 
be annealed afterwards. Much of the distrust which has been 
felt in the use of steel for boilermaking has been caused by the 
' use of plates quite unsuitable for that purpose, and their subse¬ 
quent failure. Engineers have in many cases been too anxious 
to avail themselves of the high tensile strength of steel, forgetting 
that in so doing they are sacrificing the all-important quality of 
ductility. Steel is undoubtedly superior to iron as a material of 
construction for steam boilers, but great attention and care must 
be paid to its special properties and the methods of manipulation 
most suitable for it. Plates of a very mild nature, possessing 
moderately high tensile strength but great ductility, should 
invariably be used. Of all the tests applied to steel plates the 
bending test is the most valuable. 

Copper. —Occasionally, copper has been used for boilermaking, 
although chiefly for small boilers. It is a much better conductor 
of heat than iron or steel, the ratio of the conductivities of copper 
and iron being expressed approximately by the numbers 74 to 12. 
It weafs better under the intense heat of the furnace, and gives 
a higher evaporative efficiency. It has also the advantage 


• See paper on “Injurious Effect of a Blue heat on Iron and Steel ” by 
Mr. Strom^er, read before*he In-ititutlon of Civil Engineers. Vol. lixxiv. 
of Proceedings. See also "General Remarks on Steel Boilers” ^ Thomas 
Trail, in his Pooket-Book on Boilars, Published by Charles Griffin 4 Co., 
London. 
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of resisting oxidation, or corr(&on from the feed 'oater. It is 
Tery ductile »nd malleable, aril ca& therefore be" worked with 
great ease, and will stand a 'onsiderable amount of straining 
action. It has, however, one great disadvantage—viz., its strength 
decreases to a large extent with an increase of temperature. 
At 32' Fah. its tensile strength is, on the average, 18 tons per 
square inch, but at 580° Fah. its tensile strength is reduced to 
about 76 per cent., and at 850° Fah. to 50 per cent, of this value 
On account of this inferior strength and the high price of copper, 
its use for boiler making has been entirely given up, except for 
locomotive fire-boxes and stays. 

Joints of Boiler Plates,—The joints in boiler shells and flues 
are formed either by riveting or welding. 

Riveted Joints .—These are of various forms and strengths, but 
they may e,ll be classified into, (1) lap-joints, (2) butt-joints. 

The next set of diagrams. Nos. 1 and 2, show a single-riveted 
lap joint. This is the simplest but least efficient form of joint, 
and is only employed where great strength is not required. 

A joint of this kind may be fractured in four different 
ways. 

(1.) By the shearing of the rivets between the plates. 

12.) By the tearing of the plates along the line of rivet holes. 
*(3.) By the crushing of the plate between its edge and the 
rivet holes, causing the metal between the edge of the plate and 
the rivet, to be forced out. 

(4.) By the breaking of the plate between the rivet hole and 
the edge, in a line at right angles to the edge. 

Another resistance must also be overcome before fracture 
takes place, viz., the frictional resistance of the piates.t The 
contraction of the rivets in cooling, compresses the plates so 

* The third method of fracture cannot bo avoided by giving lap to the 
plsiieg, if the turfme of the holes in the plate which takes the pull of the 
rivet is too small. In this case, the surface will be crushed, however large 
the lap of the plate is. This dcterniuies the diameter of the largest rivet 
that can be used for a given thickness of plate. 

+ The rivet must not be so small that it is unable to draw the plates 
firmly together, for if it is, the joint is unsatisfactory, and the rivet is under 
such great tension that the head is apt to fiy off when it cools, sr after¬ 
wards, when the plate is being caulked. The plates should bo pressed so 
tightly together when riveting takes place, and even until the rivet and 
the immeaiately surroundmg part of the plate have been cooled, tl^ the 
frictional resistance between the plates is sullieieut to prevent them slipping 
over each other to the minutest extent due to the maximum stresses likely 
to occur. Some makers apply cold water to th. plates, close to the rivets, 
when they are being riveted up, m order to secure this desirable object 
with a saving of time and money. 
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tightly together, that a consid^-able frictional resistance is set 
up, which aids in ffl-eventiTig f le plates from sliding over one 
another. The amount of thit^ friction, however, is entirely 
dependent on the temperature at Vhich the rivet is put in, and 
the tightness of the joint when the head is formed, and as it 
cannot therefore be calculated with any degree* of accuracy it 
is usually neglecte.d, in estimating the strength of a joint. 

To find the best proportions for a riveted joint. 

Let t = The thickness of the plates in inches. 

d = „ diameter of the rivets „ „ 

o = „ area of the rivets in square inches = w r* = ^ cT 

p - „ pitch of the rivets in inches. 

S, = „ shearing strength of the rivets per sqjiare inch. 

S, = „ tensile „ „ „ plates „ „ „ 

Oonsider the strength of a jointed atrip of plate of breadth 
= p. Then the best proportion will bo obtained when the 
tearing resistance of the plates = the shearing resistance of the 
rivets. 

{p - (t)t X S, =aaxS^ 

The shearing strength of rivet iron is usually about equal to 
the tensile strength of plate iron, therefore, we have 

, _ a dt a j 

{p ^ r.p -- - = - + d 

The following relation between the diameter of the rivets and 
the thickness of the plates is given by Prof. Unwin, 

d = \''2 Jt, which gives a very good proportion. 


The followinfi; table and sketches (from Smart on “ Steam-boilers,” see 
note, next page) show examples of Several of tlio best types of riveted joints 
in use in mo<lern practice. In calculating the strength of the joints the 
tensile strength of the steel plates has been taken at 28 tons per sfjuare inch; 
the shearing-stress of the steel rivets at 23 tons per square inch, and that of 
the iron rivets at 18 tons per square inch. In all the examples shown the 
shearing stress of the rivets is in excess of the tensile strength of the metal 
left between the rivet-holes, and it has been found that a considerable 
excess in this direction adds to the strength of the joint, and at the same 
time renders it more easily made aAd kept tight. As the steel plates have 
all been either drilled, or punched and afterwards annealed, no allowance 
for reduction of the strength of the metal left between the rivet-holes has 
been made; nor has any accession of strength been allowed for in those 
cases in which the holes have been drilled through the solidplalJM, although 
the strength of the metal left between the holes, at leaat in those joints 
Ifith a moderately close pitch of rivets, will be somewhat increased^ ‘ 



370 


r.KCTUIVK XX. 


KXAMPLLft OP NlifETCD JOIRTt. 


Ntt.-N*s or SiAuam pokm 



nr 3 



r 


Nr 4 



Nt 6. 




NVT-Nrs oroiHfiAA roftn. 







These, as well as several other figures in this lecture, have been supplied 
by the kind permission of the Council of the Institution of Civil Engineers, 
f|^m Mr Smart’s paper on “ Stoam Boilers ” Isee vol. jxxx. of Proceedings). 
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The firaetnre of the plates ty iqethods (3) and (4) depends 
npon the distance between the edge of the hole and the edge of 
the plate. If the lap of the flates be made from 3 2 times the 
diameter of the rivets when these are less than 1 inch diameter, 
to 3 times the diameter of the rivets when these are greater than 
1 inch diameter, the joint will be equally strong to resist fracture 
in those two ways. If the lap is made more than this, there is 
difficulty in caulkipg since the plate springs. 

Lap joints .may be single, double, or triple riveted. A 
double-riveted lap joint is shown at figure No. 3 in the last 
diagram. In this joint there are two rows of rivets, and their 
pitch may be found in the same way as before. 

Tearing resistance of plates = shearing resistance of rivets. 

In this case, a strip of the jointed plate of breadth = p, has 
two rivets‘in it 

. (p - (i) < X S, = 2 a X 8, 
or (p - d)l = 2 o 



When two plates which are lap jointed are subjected to a 
tensional stress acting at right angles to the joint, the plates 
tend to draw into line, and bending takes place at "points 
opposite the edges of the overlapping plates. In a lap joint 
in this position, and subject to varying stress, there is a 
constant bending and straining motion going on about these 
points. These points, therefore, become particularly vulnerable 
to the corrosive action of the water in a boiler, and in the lap 
joints of a boiler which has been long at work, the inside of the 
plates is often found to be corroded or eaten away in a line 
parallel to the joint, and just at the beginning of the lap. This 
corrosive action, in time, greatly reduces the strength of the 
plate, especially if impure feed water be used, and it is known 
as grooving^ fuTrowv.ig or guttering, on account of the deep 
groove, furrow or gutter which is eaten out of the plate at this 
special point. The action is due, partly to the mechanical 
motion of the joint, and partly to the chemical action of the 
feed water. In lap joints with thick plates, this bending action 
is greatest. Such joints have thSrefore a less percentage of the 
strength of a solid plate when made of thick than of thin plates. 

Fig. No. 5 in the last diagram shows a double-riveted joint. 
In this jbint.the plates are in line, being placed edge to edge, and 
the connection is made with single, or dodble-cover plates. These 
joints are variously made—via., single, double, and triple riveted. 
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They have the same proporticis as to pitch and diameter of 
rivets as lap joints., Whe# a ingle-cover plate is used, the 
bonding action is not altogether avoided, but with double-cover 
plates there is no tendency to b«i^, so that this injurious action 
may be entirely prevented by the use of the butt joint. When 
double-cover plates are used, the rivets are placed in double 
shear, i.«., they must be cut through in two planes before the 
joint can give way. The butt joint with double-cover plates is 
the most efficient form of riveted joint, but it is also the most 
expensive. As compared with a lap joint, double the number ef 
rivets require to be put in, and more than double the number of 
holes have to be punched or drilled. 

In practice, double riveting is done in either of two ways. In 
the last figure referred to, viz., No. 5, the rivets in one row are 
placed opposite the spaces betw'een the rivets of the other row. 
This method of riveting is known as zig-zag riveting. In the 
following figure, 
the method known 
as chain riveting, 
in which the rivets 
are placed imme- v- 
diately opposite 
each other, is 
shown. Zig-zag 
riveting requires °° 
less lap than chain 
riveting, and also 
makes a tighter j_ 
joint, but the plates 
are not so strong, 
especially if the 
holes are punched. 

Owing to the 
greater strength of the chain-riveted joint, it is coming more 
into use than heretofore. 

The following table, copied from Sir John Anderson’s 
Strength of MateriaU, gives the relative strengths possessed 
by different forms of riveted joints. The strength of the solid 
plate is taken as 100, and it will be noticed, as we would 
naturally expect, that even the best of these joints falls far short 
of the solid plate in strength 
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DosoriptioQ of Joint. 

ElveUug 

Blfot Boles. 

Poroentege of 
Strength of th« 
SoOd Plate 
Possessed by the 
Joint ' 

bap. 

Lap. 

Butt, 1 cover, . 

Butt, 1 cover, . 

liutt, 2 covers, . 

Batt, 2 covert, . 

Single, 

Double, 

Single, 

Double, 

Single, 

Doable, 

/ Punched, . 

) Drilled, . 
i Punched, . 

1 Drilled, 
j Punched, . 

1 Drilled, . 
j Punched, . 

1 Drilled, 

/ Punched, . 

\ Drilled, 
j Punched, . 

\ DrUled, . 

66 

62 

69 

76 

66 

62 

69 

76 

57 

67 , 

72 

79 


The student will see from this table that the single-riveted 
lap joint is the weakest form; also, that butt joints with single¬ 
cover plates, are not any stronger than lap joints, but, when 
double-cover plates are used, the percentage of plate stren|;th is 
rather greater than that of lap joints. 

Single-riveted lap joints are used for the circumferential joints 
of land boilers, up to about 5 ft. diameter, and working with a 
steam pressure of not more than 60 lbs. per square inch. Double- 
riveted lap joints are used for the circumferential joints of marine 
boilers, and for the longitudinal joints of land boilers of small 
diameter. Triple riveting, either in the form of lap or of butt 
joints, is used for the circumferential seams of marine boilers of 
large diameter and working at high pressures. 

Punching and Drilling .—The holes in the plates of riveted 
joints are either punched or drilled. Each method offers some 
advantage which is not to be found in the other. Th^ main 
objection to punching the holes is, that damage is done to the 
plate by the process. The extent to which a plate suffers from 
punching depends upon its quality. The injury done by punch 
ing to good tough ductile plates *i3 very trifling, but when the 
plates are of a hard steely nature, their strength may be seriously 
impaired by the process. Mild steel plates stand punching very 
well, but, if the plates are at all hard, they may be considerably 
injured, even to the extent of a loss of Ummity of 30 per cent 
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For thil reuoa, it is usual t| anneal steel plates which have 
been punched; after whith, hey are found to regain their 
original strength and proportira. If the plates are not punched 
very carefully, it is often founa, an putting them together, that 
the holes do not correspond In order to admit the rivets, and 
bVing the holes as nearly fair as possible, drifting is sometimes 
resorted to. This reprehensible practice is very injurious to the 
plates. It consists in driving a round tapered steel pin (known 
’as a “drift”) into the hole, in order to reiflove the obstruction. 
When the holes do'not quite coincide, a drill should be run 
through them, and, if necessary, a larger rivet used, btU dri/iing 
thould iMver be allowed. In order to obtain perfect agreement 
of the rivet holes, some boilermakers punch the holes rather 
less in diameter than the size of the rivet, and when the plates 
are put together, they are then rimered out to the siise. 

When the plates are drilled separately, it cannot be said that 
the holes correspond much better than when the plates are 
punched, and no advantage in this respect can be claimed for 
drilled holes. The only way to ensure absolute coincid(;nce of the 
holes in the different plates, is to have the plaU'S drilled when 
fixed in position. A number of boiler drilling machines are now 
in use, which effect this object. The shell plates, after they have 
been bent, are fixed together by service bolts, and the part of the 
she^) so formed is placed upon a turning-table or some other 
arrangement for moving the shell round in front of the drills. 
There are usually two or more drills which operate simul¬ 
taneously, all round the outside of the boiler shell, and these 
pierce through two or more thicknesses of plate. WHen each 
set of holes has hem bored the turning arrangement moves 
the boiler shell through a distance equal to the pitch of the 
rivets, and the drills then proceed with the next set of holes. 
With an efficient machine of this kind the extra expense of drilling 
over that of punching the holes, is very trilling. 

The holes formed by punthing are necessarily tapered, since 
the hole in the die-block is always a little larger than the punch, 
and when the plates are put together the small ends of the holes 
are placed inside the joint, and the larger ends outside. By this 
arrangement, when the rivets are forced into the holes they hold 
the plates more firmly, and make a much tighter joint, than 
with the parallel holes of drilled plates; and, even although the 
rivet heads should be knoefed off, the rivets would still retain 
a firm hold on the plhtes. The edges of drilled holes are sharp, 
and exercise a cutting action on the rivet, and it is found that 
increased strength js obtained by slightly counter sinking the 
holes, but this adds considerably to the expense. This .cutting 
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action is not experienced when/the holes are punched, for the 
outer edge of a punched hole is not so sharply defined as a 
drilled hole. It has been found by experiment that when the 
plates are punched, the rivets are stronger, but the plates are 
weakened to a greater extent. Ilebce, as will be seen -from 
the previous tsble, joints made with drilled holes are rather 
stronger than those in which the rivet holes have been 
punched. 

Hand and Machim Riveting. —Formerly, all the joints of boilers 
were riveted by hand, but machine riveting is now used for all 
the joints to which a machine can be applied. The work done 
by good riveting machines is much superior in strength to hand 
work, and can bo done much more expeditiously. The hydraulic 
riveting machine is the one which is most used at the present 
time, and sepms to be the most suitable for the work. In riveting 
by hand, the blows are so sudden, that the part of the rivet struck 
by the hammer absorbs nearly the whole energy of the blow, and 
the formation of a shoulder commences before the hole is properly 
filled. In machine riveting, on the other hand, the pressure 
comes gradually on the whole body of rivet, and compresses 
it fully into the hole before forming a head at all; the joint is 
therefore much more secure. Before riveting a joint, care should 
be taken to have the plates drawn closely together, or the com¬ 
pression of the body of the rivet into the hole may cause a slight 
shoulder to be formed between the plates, and this prevents the 
closing of the joint. 

We have seen frofn the previous table, that riveted joints 
are very much weaker than a parallel section of the solid plate, 
even a double-riveted butt-joint with double-cover plates only 
gives 79 per cent, of the plate strength. This is a very serious 
loss of strength, and various attempts have been made to bring 
up the strength of the joint to that of the solid plate. With 
this object in view. Sir Wm. Fairbaim patented a process of 
rolling plates with thickened edgea, so that, after the holes were 
punched and the plates riveted, the sectional area of the plate 
between the rivets, would be equal to that of the solid plate. 
This plan, however, has never been adopted in practice, probably 
on the ground of expense. 

A proposal has also been made to make the rivets of an 
elliptical section, so that by keeping the same pitch for the same 
sectional area of rivets there woulU be greater breadth of plate 
between the rivet holes, than when round Hvets are used. Thus, 
if instead of using round rivets 1 inch diameter, rivets of equal 
area with fiat sides (say IJinch x Jinch) aje used, and are fixed 
in portion with the flat sides pa^el, there is a gain in the 



OAULKINQ AHD WELDED JOINTS. 


377 


breadth of the plate between Ahe rivet holes of J inch. - There 
are many objectioi^, howler,%o this form of rivet, and it has 
not yet come into use. ' * 

Caulking .—In order that tlo^ riveted joints of boilers may 
be absolutely steam and vmter tight, they usually require to be 
caulked. This consists in burring down the od^es of the plates 
with a tool somewhat like a chisel, hut Hat on the end (see tig. 2). 
Oaulking, whilst ‘indenting down 
.the extreme edge of the lap, is • ^ ^ 

liable to open the pbites between 
the extreme edge and the point 

where they are held by the rivet- ^ 

heads. For this reason, many ^ ^ 

engineers have given up the use of the caulking tool, and prefer to 
use only the fullering tool.—See tig 1. Oaulking or fullering is 
greatly facilitated if the plates are planed on the odgesVitli a slight 
b«vel, and that is now done in the best boiler practice. The caulk- 


Fig. 1. (SoALB Fig. 2. 


ing tool recommended by Mr. Webb, 
Locomotive Superintendent of the 
London <k North-Western Railway, 
and used in the works of that 
Railway Company at Orewe, is 
shownin theaccompanyingdiagram, 
by which damage to the plates is 
presented and the surfaces driven 
into close contact. 


Wbbb’s Caulking Tool. 



Welded Joints .—In recent years welded joints have been 
introduced for boiler shells, but have not met with much favour. 
All chances of leakage are avoided by welding the joints, and the 
external corrosion which results from leakage is therefore pre¬ 
vented. If the joint is sound, it is stronger than any of the 
forms of riveted joint, but its soundness is always a matter of 
uncertainty. I'he strength of a riveted joint can be known with 
a considerable degree of acccracy, but the strength of a welded 
joint depends entirely on the skill and care of the workmen, and 
it is not alv/ays easy to decide from the external appearance 
whether or not the weld is sound. Welded joints, however, are 
very serviceable for furnace tubes and locomotive steam domes, Jcc., 
and are in general use for those purposes, but they have not been 
adopted to any great extent for boiler shells. 

Methods of coDnecting the^Parts of the Shell and Flues.-—The 
boiler shell is composed of rings of plating from three to four 
feet six inches in width, rolled with the grain running circum¬ 
ferentially. These rings are connected to each other at their 
edges by lap or butt joints. The dat end plates are connected to 
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the shell in rarious ways; the Mowing diagram shows the three 
methods that are most common i practice. , 



Figs. 1 and 2 show the method of attachment by riveting 
angle irons to the shell and then riveting the end plate to those 
angle irons. In 6g. 1, the angle iron is attached auttide, and in 
fig. 2, inside the shell. These two methods are largely used in 
land boilers, notably Lancashire and Oomish boilers. The 
attachment by outside angle irons admits of more springing of 
the end plates, and gives more room for mountings, Ac., on 
the front end of the boiler. The outside angle irons are pVefer- 
able when the space between the flue tubes and the shell plates 
does not exceed 5 or 6 inches, owing to the greater freedom 
allowed by them for the longitudinal expansion of the flue. A very 
common arrangement in land boilers is to attach the front end 
plate by outside angle irons, and the back end plate by inside 
angle irons. 

Fig. 3 shows the method of flanging the end plate and then 
riveting it to the shell plates by an ordinary lap joint. This is 
the form most generally used in marine practice, and now also 
to a large extent for land boilers. It forms the best and simplest 
form of joint, but of course the end plate must be of thoroughly 
good quality in order to stand the flanging. When the en^ plate 
is att^hed by angle irons to the shell, the constant springing 
which goes on, due to the expansion and contraction of the 
furnace flues, is liable to cause grooving of the end plates close to 
the edge of the angle iron ; but wUtn the end plates are flanged, 
the bending is spread over the curvature at the root of the flange, 
and is not concentrated upon any particular point, consequently 
grooving iS prevented to a great extent. 

There are other methods of attaching the flat end plates to the 
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»h«ll, TOoh as flanging the end plJtes outwards, instead of ipwards 
as shown, or fitting angle irons wtside instead 
of inside the end ptate, but these are not in 
such general use, and the only aj vantage they 
poss^ is, that the joint may ’be riveted 
wholly by machinery. 

Flue Attachment .—The methods of attaching 
the flues to the end plates are very similar to 
those already described for fixing the shell tp 
the end plates. Two of those in common use 
are shown in the diagram at the side. In one 
arrangement, an angle iron is used, and in 
the other, the end plate is flanged inwards. 

It is also sometimes flanged outwards. 

Staying of Boilers. —The tendency of 
pressure on a flat surface is to bulge it out to 
a circular form, and to prevent this deform¬ 
ation of the fiat surfaces in steam boilers, all 
such surfaces require to be stayed. In Lanca¬ 
shire and Oornish boilers the only parts 
which require staying are the end plates; in 
marine boilers the (md plates and the flat 
sides of the combustion chambers, and in 
locomotive boilers all the flat sides of the fire¬ 
box ^d the end plates. 

Stays are made of various forms according 
to the position they occupy in the boihir , 'llie fire-box .sts\s of 
locomotives, which bind the flat sides of the lirirbox to the outer 
shell, are shown in the annexed diagram. 

The stays of marine boilers which 
bind the flat sides of the combustion 
chambers together, and to the end 
plates are similar in form, but have 
often nuts and washers on o^^e or on 
both ends instead of riveted heads, 
and are generally screwed through¬ 
out their length. In locomotive 
boilers these stays are usually made 
of copper, but in marine boilers 
wrought iron or steel is used. Nuts 
and washers on the ends of the stays 
give better support,to the plates 
than riveted heads, owing to their largi r bearing surface. 

The end.pistes of boilers are stayed with gusset stays, or with 
longitudinal stays parsing from end to end of the'boiler, or with 
both. 
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GuRset stajs are naually madj of a single plate of iron, wMoh 
is fixed to the shell and to the enfi pi^, by means of angle irons on 
each side of the plate, as shown at, U S, on tte following diagram. 
In marine boilers, the gusset ftays are often made of a rod of 
iron with a flat plate forged dn the and. The plate is riv^d to 
the shell, and the rod passes diagonally across to the end plate, 
and is fixed thbre by nuts and washers on each side. 



Gusset and Longitudinal Stays. 


• The Board of Trade insist upon iron stays being used if of 
the above shape where the ends have been “jumped up,” welded, 
or worked in the fire. Mr. Thomas W. Trail, Engineer-Surveyor- 
in-Chief to the Board of Trade, in his book on Boilers, published 
by Chat. Griffin & Co., gives the pressures, greatest surfaces, and sizes for 
iron and steel stays. See pp. 126 to 137 and 25$ to 203. fifth edition. 


Longitudinal stays are simply rods of iron or steel* screwed at 
the ends, which pass from one end of the boiler to the other, and 
are secured to the end plates by nuts and washers on both sides. 
One of these, L S, is shown on the above diagram. When these 
stays exceed 20 feet or thereby in length they tend to droop in 
the centre, and do not take up the full stress on the end plates. 
In this case, they should be supported at the centre by small 
brackets riveted to the shell. « 

Although the end plates require this staying, it is not desirable 
that they should be absolutely rigid, or the flues will not have 
sufficient freedom to expand. The object to be aimed at is to 
strengthen the ends, but yet a# far as possible to preserve a 
certain amount of elasticity • 

The flat crowns of locomotive fire-boxes, and the combustion 
chambers* of piarine boilers, are usually stayed in the manner 
shown on the diagram of multitubular botler in Lecture XIX., 





STATING OF BOILERS. 


381 


Vol. I., and the marine boiler, il334, in Lecture XVIII. Cast-iron 
or preferably wrought-iron girder plates pass across the fire-box 
and rest on the vertical back ant^front plates. These girder plates 
support the furnace crowrsby mehns of bolts pas.sing up through 
them, and are seiuired by nuts above, in the manner .shown on the 
diagrams. In m.arine boilers, the coiubii.stion cllaniber is some¬ 
times curved at the top and supported by .stays from the end plate 
. (j> 3.31), but it is usually Hat on the top and .spppoited in the same 
way as the locomotive fire-box ju.st noticed. The tup of a loco¬ 
motive fire-box is soniolime.s also supported by copper or iron 
stays from the outer shell of the boiler, in the .same way as the 
sides (see folding page, Lecture XXVI., Vol. 1.). In regard to 
crown stays, Mr. D. S. Smart, in his paper on “Steam Boilers,” 
read before the Institution of Civil Mngineers,* remarks— 

“Girder-stays have, until recently, been universally employed 
ip the strengthening of fire-box crowns of the locomotive type 
of boilers; but direct stays between the crowns of the fire-box 
casings and the fire-box crowns are now to a great extent taking 
their place. Girder stays are decidedly objectionable in obstruct- 
ing the circulation of the water, and in tending to cause over¬ 
heating through the narrow water spaces between them and the 
crowns becoming choked with deposit j also on account of the 
severe stress thrown upon the plates on which they rest. The 
object in refraining from staying the crowns of the fire-box 
directly to the crowns of the casings has hitherto been to avoid 
undue strain from the greater upward expansion of the fire-box, 
but this objection may in a great measure be overcome, by, making 
the crowns of the casings flat like the fire-box crowns with well 
rounded comers. The pressures on the two flat surfaces will 
nearly balance, and any unequal expansion will bo taken up by 
the flat portions outside the stays, or by the rounded comers. 
The Author has seen a number of boilers constructed on this 
design which he believes wilj give perfect satisfaction. The two 
crowns are stayed directly to each other by bolts screwed into 
both, with the heads in the fire-box and nuts on the top of the 
outer casing, the part in the water and steam spaces being with¬ 
out threads. Numbers of boilers are also being made with the 
crowns of the casings of the usual semi-cylindrical form, and the 
flat fire-box crowns stayed directly to them by bolts in the 
manner just described, with no provision for expansion other 
than the spring of the plates all round. Others, when thus 
arranged, especially when the fire-boxes are of large size, have 
provision for the upward expansion of the first two rows of stays 

* Volume liix. of Proceedings. Extract and diagrams taken from it by 
kind penniision of the Council of the Xnst. of C.E. 
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over the tube plate oo getting n]f stejm, as tpbe plates have been 
injured by too "rigid a connection,” 

In marine and all tubular boilers, that part of the end plate 
through which the tubes pass, and which cannot be supported 
by gusset stays, is supported by some of the tubes themselves 
which are knoVn as slay tubes. These stay tubes are nfade 
stronger than the others, and are usually screwed into the bacli 
and the front tube plates. Tliey are sometimes fitted with nuts 
on the outside of the front tube plate and, then beaded over at 
each end. The tube plates are seldom supported by rod stays 
between the tubes, for this plan is objectionable, since the rods 
are not exposed to the same temperature as the tubes, and 
consequently expand differently. 

Strength of Boiler Shells.—The strongest form for any boiler, 
or vessel which supports internal pressure, is that of a sphere, 
but there are many reasons for not adopting this form in practioe. 
The early steam boilers were designed of the form which would 
give most heating surface, and in the opinion of the designer 
would give the highest evaporative efficiency, but no attention 
was given to the form which would be best adapted to support 
pressure. So long as very low pressure steam was used in 
those boilers, the question of form was not so important, but as 
soon as pressures of 30 lbs. per square inch ot thereby were 
adopted, it became necessary to give some attention to the form 
of the shell which is best suited to withstand internal pressura 
The cylindrical boiler.has now been universally adopted as the 
nearest practical approach to the sphere. 

To estimate the strength of a cylindrical boiler— 

Let P = the bursting pressure in lbs. per square inch. 

„ < = thickness of the plates in inches. 

„ D = diameter of the boiler in „ 

Let S, = tensile strength of the material at its weakest part in 
lbs. per square inch. 

Consider the pressure on any very small surface, AB, (in the 
next diagram) which makes an angle, 6, with the horizontal 
diameter, 0 D. The normal pressure, P, on the surface, A B, 
may be resolved into two components. Ox, acting vertically, and, 
Oy, acting horizontally. « 

Then the angle E Oy =*<, 

• •. POy=90-l, 

Therefore x = P • sin. (90 - <), 
w P • cos, ). 
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Thai the vertical pressure o^n tl^ surface, A B = P cos. S x A B. 

But cos. ^ • A B = a 6/ 

The vertical grcssurj on A B = P x oA. 

Hence, the sum of nil the vertical components of, P, will be— 

P X 0 D = P X D. 

it., The force tending to rupture the boiler is eqvM to the 
pressure per square inch, multiplied by the diameter in inches. 



Also, the resistance of the material is equal to the tensile 
strength of the plates in lbs. per square inch, multiplied by the 
combined area of the plates on each side of a diameter. 

Then at the point of rupture— 

The prissure tending to cause rupture - The resistance of the material. 

Oonsidering the pressure on any length, L, of the boiler, 

We have— 

P X D X L 2 (L X < X S.) 

’ . p _ 2 

.. r - 

sndt =2 3. 
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The value of P, given by the previous formula, is the pressure 
required to c%msq longitudinal rupture, i.ef, rupture in a line 
parallel to the axis of the boiler, but a cylindrical boiler may 
also be ruptured transversely,in^a line at right angles to the 
axis, due to the pressure on the ends. * 

Let Pj = the bursting pressure in this case. 

Then the force tending to cause rupture— * 

= Pj X area of cross section of boiler = Pj x ^ D*. 

Also, resistance of platesof metal in cross section x its tensile strength. 

Force tending to cause rupture = Resistance of plates. 

. -p, X ^ D’ = » D X < X S, 

^ 4 

_ IT D / S, 4 < S, 


2£S, 

J? = ^ 

4 t S, 2" 

D' 

ntnet, the pretsure required to cause rupture of a boiler 
longitudinally, is only half that required to cause rupture in a 
transverse direction. For this reason, the longitudinal joints of 
boilers are always made stronger than the circumferential joints. 
In Cornish, Lancashire, and marine boilers having internal flues 
from end to end, the pressure required to cause transverse 
rupture is much greater than twice that required to cause 
longitudinal rupture, for then the effective area of the end plates 
is not equal to the whole area of eVoss section of the boiler, but 
is equal to the area of the boilgr minus the area of the flues. 
Owing to this unequal stress on the joints of boilers, it has been 
proposed to plate boilers diagonally, having the joints at stch an 
angle to the axis as would cause an equal stress on each joint. 
This plan, however, has never yet been put into actual practice. 

In all actual calculations we mi^t insert for, S„ not the tensile 
strength of the plate, but the strength of the riveted joint. 
This is obtained by taking the percentage*of plate strength given 
in the taijle on page 373, for tl;e particular form of riveted joint 
with which the boiler is constructed. , 

Example. —A Lailcashire boiler is 7 feet 6 inches diameter, and 
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ia required to work /it a pressufe of 75 lbs. per square inch/ The 
longitudinal joints are doul^e-riveted and are lap joints. 

Find the thickness of wrought-iron plates required for the shell. 
The average tensile strengtB of wrought-iron plates in the 
dirertion of the grain is 2l tons, or 47,040 lbs. per square inch 
(eee page 364), and since a double-riveted lap •joint ([)unched 
hofea) gives 69 per cent, of plate strength. 

The tensile strength of joint = 47,040 x '^9. 

„ „ ^ M = 32,457 lbs. per square inch. • 

In steam boilers, a factor of safety of 6, is usually allowed, 
the bursting pressure is six times the working pressure. 

The bursting pressure - 75 x 6. 

„ „ „ = 450 lbs. per square ^ch. 


Then, 


P D 460 X 90 
^ " 2 S, “ 2 X 32457 

t = ‘6239* - ^ inch nearly. 

o 


• Strength of Flues.—The strength of cylindrical tubes subjected 
to internal pressure is independent of the length of the tube, 
sinctf the greater the length of the tube the more material there 
is to resist the increased pressure. In proof of this statement 
the student will have noticed that in the equation on page 382, 
the quantity, L, appeared on both sides, and was therefore 
cancelled out. It seems natural also to suppose that when a 
cylindrical tube is subjected to exterr^al pressure, its strength to 
resist collapse should not be dependent upon its length, and 
until the year 1858, this was assumed by all engineers. 

Sir Wm. Fairbairn carried out a series of experiments in 1868, 
to ascertain the strength of cylindrical tubes subjected to exter¬ 
nal pressure, and his experiments threw much light on the 
behaviour of such tubes under ^hose conditions. 

As the result of his experiments, he deduced the following 
formMa for the strength of boiler flues of iron :— 

Let P = collapsing pressure in lbs. per square inch. 

„ t - thickness of the pj^tes of the flue in inches. 

„ L =» length of the flue in feet. 

„ D w diameter ot the flue in inches. 


%en, P = 


25 
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This showB that the collapsin;^' pressure varies directly as the 
2-19tli power cf the thickness, and inversely as the length and 
diameter. 

When a cylindrical tube, \/hich is not perfect in form, is 
subjected to internal pressure, the effect of the internal pressure 
is to rectify the defect, and to bring the tube to the form of an 
exact cylinder. Thus, in a boiler shell made with lap joints, the 
form of the cross section necessarily differs from that of a true 
circle, but when steam pressure comes upon it, the tension on 
the longitudinal joints tends to draw the plates into line, and 
causes them to take up an exactly circular form at any section. 
The effect of external pressure on an imperfectly circular tube is 
not to remedy the imperfection, but to increase the deviation 
from the true circular section and to produce greater distortion. 
Among Sir \Vm. Fairbairn’s experiments, the results may be 
noted of a test of two tubes subjected to external pressure, 
37 in. long, 9 in. diameter, and 14 in thick, the same in every 
respect, except that one tube was lap jointed and the other butt 
jointed. The tube with the lap joint collapsed with 262 lbs. 
pressure per square inch, whilst the tube with the butt joint did 
not give way till a pressure of 378 lbs. per square inch was 
reached. This shows a loss of J in resistance to collapse, by a 
departure of merely ’14 in. from the true circular section, and 
clearly indicates the necessity of making boiler flues exactly 
cylindrical. This is now very nearly approached in practice, 
flues being always made with either welded or butt joints. 

Fairljairn’s formula may be readily worked out by the use of 
logarithms; but for ordinary practical purposes, the square of the 
thickness may be used instead of the 2'19th power. 

From the above, it will be apparent that cylindrical tubes, 
subjected to external pressure, require to be strengthened when 
long. Boiler flues are usually strengthened at intervals along 
their length, and this is effected in several ways, the principal 
of which are— 



TIron Ring. 



Scale k » 

Bowling Hoof. Adamson’s Flanoxd 
SSAH, 


The’T iron ring shown in section in the left-hand figure was 
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the first method adopted foit strengthening the flues. It is 
riveted round tlie joints <4' each ring of plate^ in the manner 
shown in the diagram. This plan gives ample strengtii, but 
holds the flue too rigidly, and (fo(« not jicnnit of free expansion 
and Contraction. The rivet hi‘ads also are exposed to tha 
irttense heat of the furnace, and are liiihle fA) he l^rnt. 

“fhe form shown in the middle ligun^ is knovs u as the Bowling- 
hoop, and has been largely used lor slimigtliciiing the furnace 
•flues of boilers. It \h \veidl(*.s3, and can hr ifiade in iron or steel. 
It possesses (juite as gi-eai stnmgth as (lx* T iron ring> and, from 
its shape, allows all necessary freedom foi the expansion of the 
flue. It has the same disadvantage as the T iron ring, however, 
since it exposes a double thickness of plates and two rows of 
rivets to the flames from the fire-grat<‘. 

The third method shown in the right baud figure^ known as 
the Adamson Flangial Seam, and consists m Hanging the ends of 
the flue plates, and connecting th(‘in together by rivets with a ring 
between. Tins joint is very elastic, ami pei mits of free expansion; 
it has sulficiont strmigth without tlienm,', hut the ring is used 
in order to give a caulking edge on raeli sub' of the lap. This is 
the method which is most g(‘ru‘rally adopte<l, although a number 
of engineers prefer the Bowling-hoop. 'fhe plates ri'quiro to bo 
of specially good quality to admit of Hanging, and the ilanging 
mus^be skilfully done, or the joint will give a considiTable amount 
of trouble. The advantage of thus joint is, that all rivets and 
double thicknesses of plate; are renaov ed from tlie action of the (ire. 

There is one other method of strengthening Hues which is of 
more recent introduction than those already mentioned, and is 
shown in the diagram annexed. 

The fl^ue tubes are made of widded 
rings of iron or steel, and are rolled out 
accurately in a machine to the shape 
shown, and united by a simple lap joint. 

The strength of the flues is thus greatly increased, and yet free 
expansion is allowed 

The arrangement of these ttue tubes in a boiler is shown in 
the digram below. 



Paxman’h F) ck 
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The rivet heads and double thi^kncsBes of plate, although not 
removed entirejy from the action^ of the»flames, are out of 
immediate contact with them. 

When flues are strengthened! ^)y any of these methods, their 
strength must be taken as that corresponding to the length 
between the rings or joints. 

Corrugated Furnaces .—The furnaces of boilers are now very 
frequently Otted with corrugated flues. A furnace of this kind 
is shown in the marine boilers illustrated on pages 3.')5 and 
A corrugated furnace flue is stronger than one fitted with any 
of the strengthening rings already mentioned, and is of such a 
form as to allow every facility for expansion. The process of 
corrugating furnace flues was brought out and patented by Mr, 
Samson Fox in 1876. The appliances at first used for producing 
the corrugations were very severe and trying to the material, but 
now by the use of improved rolling mills, corrugated furnaces are 
produced in which the plates suffer no apparent injury. 

Within the last few years corrugated furnace flues have been 
largely used, both for land and for marine boilers, with very satis¬ 
factory results. Greatly increased str(mgth, combined with perfect 
elasticity, is the principal advantage, but a corrugated furnace 
also gives greater heating surface, and bieaks up the flame and 
heated gases. They have, however, certain disadvantages, viz., 
sediment and salt incrustation may more readily gather the 
hollows at the top of the flue than in a plain cylindrical one, and 
the dead ashes in the lower inside hollows. The elasticity or 
bellows action is somewhat too great in large boilers, and strength¬ 
ening longitudinal stays are sometimes inserted round or near 
the outside of the Fox’s tubes between the ends of the boiler. 
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•Lectl'i;% XX —QuhsiiONS. 

1. Enumerate the chief a<lvanlai^*t wrciiulit-ironaa asuitable materiaj 

for tho constnictioD of steam boilers. What kinds of iron plates should be 
di^rded, and why? Give the average tensile strength of good wrought- 
iron»with and across the grain. * 

2. State the chief advantages of mild steel overwrought-iron as a material 
for boiler construction, and explain the precautions that are necessary in 
selecting the plates and in manipulating them during the manufacture of a 
boiler. Give any instanjes known to you of the failure of steel boiler 
plates, and the reasons assigned for their failure. Give the tensile strength 
of good mild boiler plate steel. 

3. In what kinds of boilers, and for what parts of them, Is copper used! 

What advantages are claimed for copper in those cases over WTought-iron 
or steel T Why is cast-iron not used for the shell or hues of ordinary land 
or marine boilers f In what kinds of boilers, and for what parts of them, is 
east-iron still employed ? # 

4. Sketch clearly in freeliand the several chief forms of riveted joints* 
anb indicate the auvantages and disadvantages of each. Sketch a single- 
riveted joint for l-incli plate, marking the si/e of the rivets and the pitch 
you would employ. Show io what way such a joint might yield. 

5. Determine the pitch of the rivets for a single riveted joint of 4'incb 
plate so that the joint may bo equally strong to resist tearing and shearing. 
Diameter of rivets is l-inc'h. 8afe sheanng strength is 7,800 lbs. per square 
inch ; safe tensile strength is lO.OOO lbs. per square inch. Ans. 1*813 inch. 

6. What rules are employed for calculating the strength of double- 
riveted lap joints m iron and steel plates ? Is tlicre any advantage in the 
use of elliptical rivets? 

7. It is required to construct a double-riveted lap joint for 4-inch platea. 
Give the proportions of the joint, and calculate the percentage of solid plate 
strength which it gives. 

8. Describe witli sketches any boiler or other piece of riveted WKirk with 
which you have had anything to do. Give roughly the dimensions of rivets 
or stays, the details of joints; give fuller information al>out the part you 
have had most to do with. What sort of stress occurs in the plates at any 
riveted joint ? Sketch the various ways in which fracture may occur. 

9. What are the relative advantages and disadvantages of different 
methods of riveting? 

10. How are rivets made, and from what kinds of iron ? Sketch, with 
iimensions, single- and doublc-riNljted butt joints of ^-inch plates. Show 
a butt joint in a boiler where cro.sa and longitudinal joints meet. Sketch 
the various ways in which the joint may bo made at the bottom of a 
locomotive fire-box. 

U.«in a single-riveted lap joint exjwsed to tension, determine the 
diameter and pitch of the rivets in terms of the thickness of plate, and the 
three stresses andyj, 

where /< = intensity of stress on material of plate. 

/» “ M ^ >» rivet. 

„ bearing pressure estimated on a diametral section 
of rivet. 

Find the diameter (rf) aij^l pitch (p) for J-inch plates whenyj = 30, /* = 22, 
andyi ”= 42 tons per Sjuare inch, ami catmiate the efficiency of tli^ joiotr 
Am. p *5 2 SS-inches, and d" = 1 21 lueh; 60 [>cr cent. 
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12. Compare the joints of plates ip the end of a Cornish or Lancaehire 
boiler DOW with what they wcic twenty }car^ ago. 

13. Which 18 better, to drill or punch rf.et holes? and why? 

14. State the cliicf objections to nunchme boiler plates. Why should 

drifting” the holes not be permi>to<( in oraer to bnng them fairly oppo¬ 
site each other? What is the beat method for ensiuing that the rivet holes 
in boiler plates shall l>o fairly opposite each other? 

15. Why is hydraulic macliine-riveting better than hand-riveting? ' 

16. Describe the process of caulking a joint, and eljetch the best form of 
caulking-tool with which you are best acquainted.' 

17. In what parts of boilers are welded joints used? Why are welded 

joints not more generally adopted ? , 

18. Sketch and deaenbe the principal plans of connecting the shell to the 
end plates m a large horizontal boiler, and give their several advantages 
and disadvantages, with reasons. 

19. Sketch and describe the bcj^t plans of connecting the flues to the end 
plates of a horizontal land or inannc boiler. 

20. Mention tho.se pints of a inaniie boiler which require to bo stayed^ 
and show clearly by sketclies how tlic .staying is done in actual practice. 

' 21. Find tlie thickness of iron plate-, m a boiler shell t) feet 4 inchea in 
diameter, for a prcssuie of 40 Ib^., Ihe greatest tensile stress permissible in 
tile material being 5,000 lbs. jicr square inch. Jus. *304 inch. 

22. A cylindrical boiler witli Hat ond.s, .30 feet long, 0 feet diameter, has 
two internal flues, each 2^ feet in diameter. Steam pressure in the boiler 
is 40 lbs.; what is the w'hole pressure on the internal surface in tons? 
How is the strength of such a boiler related to its diameter? Ans. 10'8 tons. 

23. Find the greatest diameter of a cylindrical boiler to resist a pressure , 
of 100 lbs. per s<itiare inch, the plate,s being inch thick, and the sale stress 
upon the metal beii g n.SOO lbs per squaie inch. A/t.s-. 41 ‘25 inches. 

24. A cylinder coiiatructcd of boiicr plate is 7 feet in diameter, 4ud is 

subjected to an internal bursting pressure of 50 Ihs. per square inch. Find 
the longitudinal strc.ss on,the metal per ^([uare incli of section, the thickness 
of the plate being i inch. 4,200 Ib.s. 

25. Show fully by calculation why .a cvHndrical boiler is twice as likeljl 
to burst longitudinally us endwise, and give an example. 

26. An ordinary cylindrical boilei lias flat ends with two internal flues 
running from end to end. The hoiler is 28 feet long, the shell 7 feet in 
diameter, and e.ach of the tw'o Hues is .30 inches in diameter, the iron 
employed being A inch in thickness throughout. Taking the ultimate 
strength for the longitudinal or doublo-i ivetod joints at 35,000 lbs. per 
square inch of sectional area, and that (nr the transverse or single-riveted 
joints at 28,000 lbs. per square incii, tiinl the ultimate bursting pressure— 

(1) along a longitudinal, (2) alona a tran.sverse section. Ans. 417; 1,532 lbs 

In what way aie the internal lines st’ieiigthciicd? 

27. Given the breaking tensile strength of w roiight-iron, find thq thick¬ 
ness of the shell of a cylimlrital boiler winch will support a given pressure 
of steam, Example —The diameter of the shell is 3i feet, and the pressure 
of the steam is 150 lbs. on the square inch, what should be the thicKness of 
the boiler plate when the tensile strenjgth of wrought-iron is, /or safety, 
estimated at three tons on the srpiare' inch? Prove that a tube under 
internal fluid pressure is twice as strong in a traif-.ver.se as m a longitudinal 
direction, Ans. '47 inch, 

28. The fdniace llue of a marine lioilcr i.s 7 ft long and 3 ft. in diameter 
The plates are l-inch thick, and an Adamson floLged joint is fitted at the 
centre.' Find the collapsing pressure of the flue. Arts. 374 Ib 8 . 4 >er 8 q. inch 
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29. Find an expression for the •linckno.sa of the shell of a cylimlncal 

boiler, the tensile strength of the Aaterial, the picssuro of steam, and the 
diameter of the shell being givim. If a rylindnoal boiler 5 feet m dianioLor 
will support a steam pressure oi 20 lbs., what should hb tho diameter of a 
boiler oi like material, constructio^y and thickness of plate, for supporting 
a st^m pressure of 100 lbs. ?• • 

30. In a cylindrical steam boiler prove tho fonmihTe for the forces tending 
fo^produce rupture of tho material in llio circniuferentiiil and longitudinal 
directions. 

31. Why do ordinary steam boilers fail to utilise a largo proportion of 
the heat developed in tho complete combu.stioi^ of tho fuel oraplovcd? 
Sketch a longitudinal section through the (ire-box and tubes of a high- 
pressure boiler. Describe tho consti action of llio boiler, and show tlio 
method of staying the poition.s most likely to give way under pressure 

32. Answer only one of the following questions (a, b, ore)-—(a) Doseribo, 
with the aid of sketches, the boiler with which you .ire host acquainted, 
particular attention to bo paid to tlie (iltings, to tho (lues, and to tho 
furnace. (6) Sketch and describe the construction of tho locomotive fiio- 
box; show in detail how the flat sides arc siipiioitcd, a^yl indieato the 
form and construction of the stay-bolts. If the boilci pres.suro lie 17d lbs. 
absolute and tlio stays are pl.ieoil 4 inches from centre to conlio, find tlie 
tensile force in each stay-bolt and tho rlianuder whicli tho bolts or stays 
must have at their wcakc.st point m onlci that tlio metal may not bo 
stressed beyond tons to tlio sipiare incli of their section, (c) Sketch and 
describe fully tho con.struetion of a cylindiical or piston slide-valve an<l 
the cylinder porta for the same. How is llie ling proveiitcil from springing 
into tho port opening’ 

33. Design a double-riveted lap joint tor a noiler, the plating being ^of 
an inch thick and of steel. Choose your oaii strength constants, ami take 
account of tho bearing strength of the mateiial as well as the liability to 
tear and shear. 

34. A cylinder .30 feet long and 4 feel, in diameter has to be designeij to 
resist an internal fluid pre.ssuro of .’lOO lbs pop s'luaro inch aliovo the 
atmosplieric pressure. Choosing for yourself tlie vaiious workiyg slrossos 
to be allowea, determine (a) the thickness of the steel plate you would 
use, (6) the diameter of rivets and their ])itch in tho doulilo-rivoted butt 
joints for tho longitudinal seams 

35. A Lancashire boiler, 30 feet long and 7 feet 0 inches iliameter, la 
required to work at a pressure of 100 lbs per square incli, tlio mateiial of 
the shell being steel. Design a suitable form of longitudinal joint, ohooB- 
ing your own working stresses, 



392 


Nom ON LECrUlUi XX. AND QUESTIONS. 



393 


‘A J’ P‘E N 1) I X. 

- . * . 

EXAMINATION TABhES. 

'useful CONSTANTI:^. 

1 Inch St 25'4 millimettcs. 

1 Gallon = -1605 cubic foot = 10 lbs. of water at (>2* F. .*.1 lb. sa D1605 
cubic foot. 

1 Knot = 6080 feet per hour. 1 Naut = 6080 feet. 

Weight of 1 Ib. In London = 445,000 dynes. 

One pound avoirdupois = 7000 grains = 453 6 grammes. 

1 Qubic foot of water weighs 62'3 lbs. 

1 Cubic foot of air at 0* C. and 1 atmosphere, weighs 0807 lb. 

1 Cubic foot of Hydrogen at 0® C and 1 atmosphere, weighs 00557 lb. 

1 Foot-pound =s 1-3562 x 10* ergs. 

1 liorse-power-bour = 33000 x 60 foot-pounds. 

^ 1 Klectrical unit = 1000 watt-hours. 

Ooule-. Equivalent to suit Kegnunit's H, is | I ] 

1 Horse-power = 3.3000 foot-pounds per minute — 746 watts. 

Volts X amperes = watts. , 

1 Aiinosphere = 14 7 lb per square inch = 2116 lbs. per Bqiiare»foot = 
760 m.m. of mercury = 10* dynes per sq. cm nearly 
A Column of water 3-3 feet high corresponds to a pressure of 1 lb, per 
sqnare Inch. 

Absolute temp., t » 0* 0. + 273“-7. 

Regnault's H = 606-5 + -305 0“ 0 = 1082 + -305 9* F, 

««»•««« = 479 

B C * 

log „p =6 1007 - J- j? 

where log ,uB = 3-1812, log „0 = 5-0871, 

» in pounds per square inch, t is absolute temperature CeutigradCt) 
u is the volume in cubic feet per pound of steam. 

.= 3-1418 = ^ = |l^= 10 (VS-AA 
One radian » 57*3 degrees. 

To convert common into Napierian l.igarithms, multiply by 2*3026. 

The base of the Napierian logarithm is s = 2'7183. , 

The vtJue of g at London ^ 32*182 feet per second per secowi 
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d;e liistitutimr nf |jbil (iP'iqinTcrs. 

Extracts prom Paii.ns and Svr.r,\nus op Kv^MivmoNs for 

ELECTION OF Ai^SOCIATE MhAIISEUS. 

Part II *— Sci('n/i/ir. Knon'laljt. 

.Skction' a. 

1. Mechanics (<H ‘0 Paper, fime :> hoin\<t). 

2. Strength and Elasticity of Materials (eno Paper, time allowed, 
> 3 hours). 

Z.^Exther (a) Theory of Stnictuves, 

or {b) Theory of Electiicity and Ma^^uetism (<>iio Paper, 
time allowed, 3 houts). 


>E(;t’ion B. 

Two of tho following' nine sulijcci.s tint more ilian one fiom any group 
(one Paper ui each sul>ject taken, itnie atlowid, 3 horn s- for each Pai/er) 

Group i. Gronp a. Group ai. 

Geodesy. Hydrauhm. (ioologv iiid Miru'ralogy. 

Theory of Heat Engines. Tlteoiypf Machines. SlahitiLy .ind Kesistaiico of 
Thermo-and ElecUo- Metallurgy. .Slnp’. 

Chemistry. Applications of Electricity. 


* Candidates may offer themselves for evaminatinn in Sections A and B 
of Part II. together; or they may enter for Scciion A .vloiie, and, it suc¬ 
cessful, rfiay take [Section B at a suliaeijnent examination. In tho latter 
case, however, such candidates will not ho allowed to piescnt themselves 
for examination m Section li unle9b or unt il tln^}' are aelnally occupied in 
woik as pupils or assistxnts to practising Engineers. 'Pho Couiuil may 
permit Candidates who have attempted tho wliolo of Part II. at one 
examination, and have failed in Section li only, to oom[ilete tlwir qualifica¬ 
tion by passing in that*> section at a sulisequent examination, subject to 
their being then occupied as abo\ e stated. * • 
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APPENDIX. 


Malhfmatici.—'lihG standard of MaAliematics required for the Papers in 
Part 11. of the examination is that of the mathematical portion of the 
Kxaminalion for flie Admission of Studetits, though questions may be aot 
involving t)ie use of higiier Mathematics. 

'I’he ninge of thr cxamiriiUions ifi tlie .seyeral subjects, in each of,which 
a choice of questions will be allowed, is indicated generally hereunder 


Section A. 

1. Mechanics* 

Static)^. — horccs acting on a rigiil body; moments of forces, composition, 
and resolulKui of foiccs; couples, cundit ioiib of cquilibi lum, with applica¬ 
tion to loadeil stnictiirca. The foregoing subjects to be treated both 
grapliically and by aul of algebra ami geometry 

— I’ressuie at any point in a gravitating liquid; centre of 
prc.''Sin(; on njimer.s(‘il jilane areas ; sjiociiic gravity, 

Kivtmoiii'a of Pkdie J\/o/ioii .—Velocity and acceleration of a point; 
Jnstarftanenus centre of a moving body. * 

Kiiiehcf^ oj Plane Moi%on — Foic'e, mass, momentum, niomoiit of 
momentum, work, ejioig}’, tilt II relation and their measure; equations of 
motion of a [lartiele; rectilincni niotioii under the action of gravity; 
falling botlies and motion on an inclined phine ; motion in a circle ; centres 
of mass and moments of inertia; rotation of a rigid body about a tixed 
axis; consei vat lull of energy. 


2. Strength and Elasticity of Materials:— 

Physical piopeilies and elastic constants of east iron, wrought iron, 
steel, timber, stone, :im^ I'enx'nt,; relation of stress and strain, limit of 
elasticity, yield fioiiit, Young’s modnlu.s ; eoenicient of rigidity ; extension 
and latdial contraction; le-isUinee within the elastic limit in ten.sion, 
com pi ei^‘'ion, shear and torsion; tliiii sliells; strength and ilellectioii in 
simple cases of bending; lieaiiis of uniform resistance; Buddenly applied 
loads 

Ultimate strength with dilTeiont modes of loading; plasticity, working 
stress; phenomena in an oiduiury temsilc te.'-t; Htress-strain diagram; 
elongation and contraction of aica : (“llccts of hardening, tcmpeiing and 
annealing ; fatigue of metals ; iiieaMireiiynt of liar<liic.‘>.s. 

Forms ami arrangements of testing machines for tension, compression, 
torsion, and bending test.s; instruments for measuring extension, compies- 
fiion, and twiht ; fuinis of te.st piccc.s afnl arrangements loi holding them ; 
influence of form on .strength and elongation; niotliods of oiduuirj^ corn- 
mcreial testing; iiercenlago tif elongation and contraction of area; test 
conditiojia in specilitations for cast iron, mild steel, and cement. ^ 


3, (a> Theory of Structures:— 

Crapliic and analytic methods for the calculation of bending momonts 
and of sheafing foices, and of the stresses in imlnnlual members of fraine- 
Mork structure slouilcd jt the joints ; plate ami hox ginlers; incomplete 
and redundant frames; sliesses suddenly apjilied, and elfeets of impact? 
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buckling of struts; effect of cliffer^t end fastenings an their resistance; 
combined strains; calculations connected with statically indeUrniinate 
problems, as beams supported rat throe points, <kc.;» travelling loads; 
riveted and pin-joint girders; ng^ ami hinged arches; strains duo to 
weight of structures; tlieory of *a«th• picssure and of fouuilationsj 
stability of masonry and brickwork structures, 

3. (6) Theory of Electricity and Magnetism:— 

* Electrical and magnetic laws, units, .staml.vrds, i«id measurements ; elec¬ 
trical and magticlio nieasunng itHti iiincnls ; tin; theory of the gonoratioii, 
storage, transformation, and dtilnliiifion of 11 < U energy ; continuous 

and alternating currents ; arc and iiieandcsi cut lamps; secondary cells. 


ShCTlOM B. 

Group i. Theory of Heat Engines:— 

^Thermodynamic laws; internal and cxtornal work; graphical ropr^ 
sentation of cliangcs in the condition of a thud ; theory of heat engines 
working with a perfect gas; air- and gas-engine cycles; roversiibility, 
jonditions necessary for riiaxiniiiiii possiiilc ellieicncy in any cyelo; pro- 
[)ortie8 of steam ; the Carnot and Clausius cycles; entropy and eiitr<*py- 
lemperatui'C diagiams, and their ai»pliealioi\ in the .study ot heat engines ; 
ictual heat enguio eycl<"- and their llienuodynaniic losses; olIeclM of 
dearanoe and throttling; initial eomlensation ; t.estmg of h lat ongiucH, 
iiul the ap|)aratus employed ; pei tormaiiees of typie.vl engines of different 
dassrfia; elheienoy. 


Group li. Hydraulics 

• 

The laws of the flow of water liy orifices, notches, and weirs; laws of 
fluid friction; steady flow in ]iipes or ehaniiels of uniform section; resist¬ 
ance of valves and liends ; geneial pheiioniemi of fl<nv in rivi;r.s ; methods 
of determining the diseluirge of sireaiiiH; tidal action; geiieiatiou and 
effect of waves; impulse ami re.o.Lion of jets of water; tiansimssioii of 
energy by fluids; principles of macliines acting by weight, prossuro, and 
kinetic piiergy of water ; theory and structure of turbines and pumps. 


Theory of Machines:— 

Kinematics of niaeliinos; inversinn of kinoniatic chains; virtual centres; 
belt, rope, ebam, tootbod and screw gcaiing; velocity, acceleration 
and effort iliagrams; inorlia of reciprocating parts; elementary oases of 
balancing; governors and llywlieels; friction and efficiency; strength and 
proportions of machine parts in siij^ple eases. 


Group iii. Applications of Electricity 

Theory and design of ^ntinuous and altcrnatiiig curroftt generators and 
motors, synchrougua and induction motors aOd static transformers ^ design 
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of generating-and ^ub-statioiis and t l^e jirincipal plant required in them; 
tlie principal systoniH of distributing electjical energy, ii.cludmg tho 
arrangement of niiiin.s and feeders; estirrjatjon of losses and of efBciency; 
principal systems of olcetru; traction: construction and efficiency of the 
principal types of electric lamps. ^ ' 


iS" (.'ainlidates ''lionld sec. that all (heir “ Forms” are diOy completed and 
pan'-fd l)y the (^nincil of tho InstiiuLion of Civil Kngincers, Great 
George Street, Westminster, S W., hr/o)p 1st .faniiary for the Feb¬ 
ruary i'lxamiiiatioii, and Uffori' the 1st Seiileinber for the October 
Exannnatn.in 

Examinations Abroad. Tin- {lapers of the Onoher Examination 
onl y Mill be placed hetoro acec[ited Gandida(.e8 m India and the 
(.'olonie.s. To eiialilo tiie Secretary to m.ik(‘ ai rangements for the 
’’ A)>[iIiealion I'oims and Fees, itc of tliese ( 'andidatcs, tlicir Forms, 
i^e., mnai ho ui the Seeietaiy’a liands, hejorc. the ist June preceding 
tho Oetol)er Jixaininationa. 
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THE INSTITUTION ,0F CIVIL ENGINEERS 
EXAMINiWION, •OCTOBER. 1913. 


KLKCTiO}^ OF Ai'^OClATK Ml.^lUFRS. 


TIlEoKV OK IIEA'I KNCINKS 

Not I |i III' <!:'■ ^lions til h,' <illr)ii I'tiil In; nin/ Cnv'hilate. 

1. linelly t)io of ii iiio mull i »,-r coinpvoi^^ora. 

Air is cotnpr(“rsod aiij.'.oaticuilv ir.os a t). I'-iii <■ ol I,'ill)" pm s(|unn'in^Ji 
ab.'ioliitc to 90 Ib'J per H<p-iir'‘ Kiml tlic tiii.il U-iiiporaluro 


ol tlio aiv if tlic init ial teiiipoi .il.nic lin !■' ( A""nnio ;/ I 4 ) 

2. 'riio followiii” n:"iills ucTo oi'.i.iiiM'tl M'lm j,lio test of a gas engmo 
working on the Otto eaeie — 

Duration of ti'st in niimites, ..... 90 

IndicaleU imrso }io\\e!, ...... ioO 

'L'otn! gaa iiM'd in enlne too* . . . 3,H_*r» 

• Culonfic valui'of eois pm I iiliir piot . . .^loO 


^ Clearance volnnit' I.''! por emit i>l pi-.tim di'pi.u liih-iiI 

Find the theiinal eilieimtcv and I Ik- - tlicimiey-i atm of t he i'n';ini' 

3 Sketch and <.l^selitio Koiin,‘s\sii.-iii ol Ino rd tli.uiclit Im sii am boilers, 
and state briefly tho .id\anl,iges of loroed dioimbi, and it" '-neelg upon tlio 
thermal cfliciency of boilei." 

4 . Steam enters Liie no/'/le of a Do Laaal laiiluiio and t \pand‘^ to the 
condenser prcssii 10 'I'lie thoorotlo.d Imal diop is ‘j:b> B'lli I' per |)oiind, 
but 10 pot cent of the (;nerL‘'V is lost in 11 u t imi Di.iw kho volocityaluigiam 
of the steam passing tiiiongli l!io luibirn' li 1 lio ri ialive va'lomty at o\it is 

S.'} percent of the inlot \elumly Kind lio - onimi-noy ol tlio no/yb' and vanes, 
assuming tlie stecun ( nlers the vano" a il Imut "book and I bal llio inlot and 
outlet angles of the v.uies are cqval, d'ho ponpheral volooit’y ol the whool 
is 1,200 feet per lecond. The noy/les art' no liiiod at an aiigl<‘ of 20 *^ to the 
plane of the wheel. 

6. Tho following results were oldaiiu'd imm ■) tost ol a steam engine 
oontr'^Ued by a throttling govornoi - - 


Iiuhculoil Ib'isc I’ovM'i L'l' IPiin 


103 i DOJo 


304 


4,030 
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Assuming Willans’»law, find an cqua^on connrctiiig tlic horsc-powcr and 
the steam used ; also find tlio steam consumption pe^r hour at 220 I.K.P. 

6. Sketch tho temperature-entropy ck'.agraiu tor ammonia, and show 

on, it tho refrigerating cycle for wet (^oinprcssion How is the coofliciont 
of performance determined • • , 

7. Find tho work ilonii per pound of steam by a steam engine w6rkirfg 
on the Rankinro o^velo bcf.ween .302-’ F and 152^ F. flow many pounds 
0 ^ steam are required per lior.se powcT, given tlic following Table ? 


Touipcr.itiu'c. ’ 

Elitjoiiy Mf 1 LI) oE 

of 1 bh. 

° F 

U ,il. i 

• uf.stiMni, 

302 

0 oio 

l-.WG 

162 

0*2!8 

1-S03 


' 8. Find tlio drvness of tlio steam after cuf-on' as tlirce-ipiartcrs of tho 
stroke from tho I<tliow mu pai tieiiiai,'^ tif an enginc-li lal,assuming no leakage: 


Condensed steam per liour in pounds, , . 4,008 

Revolutions ]iei inmiiti', ..... 120 

Volume ol evlmder, eiiluc feet,. 

Clearance ]iei'cent , . . .... 5 


Pre.ssuro oi steam in ponmls per Miuaie iticli as j stroke, 41-8 
Volnmcineiiluc leel,ol 111) ol sf.eam at41-8 lbs pressure, 10'05 
Rres.sure oi ste.'iin in pounds ])er ,si)uare ineli at 0 S4 of , 

tlie ret m n I rokc .'iiid eomtmaieeijuail ol com pK'sSion, 17*2 
Volume 111 eubie leel ol 1 lb oi steam at 17'2 lb,s per 
squari'Jiicli, . ... 23*14 

9. Describe with a sk'eteli (i) some uk'IIkkI of measuring liigli tempera* 
turo in heat engines; oi* (n) sotne metlioil ot mcasuiing (he lliictnation of 
speed of rotalioii of an enume 

10. Desenbe (ho Ideal Carnot eyelc Ity means of a p t? dia.grani, and by 
means of a temper,iture-enliopy diagram A perlect engine working on 
tho Carnot cj'cle reeeivi's o,n(Ki il TJi U ]) 0 i' iiiinuto at 2,0(kC F. ; the heat 
is rojcctod at 500'* l'\ Find tin* lioi se-j, owin' ami the ellicunicy of the engine. 

11. F.Kplam with a sketch tin' \\oiKmu*of a suci ion gas producer. What 
is the object of admitting vapour with the air? Describe any method of 
regulating the vapour su]ii>ly 

12. Steam jiassc'S tiirougli a.thu'fllmg cal<'rimeter whore it is reduced 
in pressure from 120 lbs jier squai») inch (tcm'[ici'ature.34l° F.) to fJ lbs. 
per square inch. Tho temperatui<' allci I'xiunsmn is 230*^ F. The tempera¬ 
ture of steam at lo lbs jier .H^pnire imdi is normally 213^ F Find thb original 
dryness of tho steam The latent lieat of lib of dry steam is approximately 
1J14 —0-7i thermal units, u'iieie ( is'.In* tcnipcraturo ot the steam in 
degrees Fahrciilieit. 'J'he speoilic heat ol superliested steam may be taken 
as 0*5. 




A Jl INST.C.i:. QUI KTIONS. 
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Felranry, 1914. 



« 

thi;(-j:.v ok iikat KXOiXKs 

iVo( more thin kioiit 'luestiom^ to bt altcmpicd toj any Candidate^ 

I. Kind tlio dMtncJi'r ol Uk; Ihl'Ii- niid low-prt's^uro cvljudcrs oi a com¬ 
pound on^'ino to dovclop liiO mdn.iti'd hoi-;:i! j>L)Ailt‘i- with .1 ]tnton speed of 
60U feet per minute. •IKvtio ol cyhinirr \iilntue.s ! : 3-25 Adninvion 
pressure, 115 lbs pier sipiuio iiK'Ii , coiuleriwr prcpsurc, 3 lbs. 

per square mcli absolute ; ciit-oil 111 the In-h ple^^uICoy!n)dc?■, 0-5. Assume 
a diagram factor of 0 7 

2 Sketch and dc.^enbe some luim of earhurettor lor a petrol engine. 
State sonic of the dilliculties to be ovcicoino m the design ol carburettors 
for motor work ^ 

3. Air is drawn into a comj>i<‘'<so[ at almo^plieiK' |•l('.''sn^o and coin- 
iwessed to a [iicssiirc cl fne atuio-phcn I'lnd (lir lii'i,se-po\ver requir'd 
to compress and deliver l.dOd eiibie ke( ol fu r an. asMimme («) isothermal 


OOmpoesMon, {h) adiab.itic compit '-ion (y 1 4 } 

4. TJio following results u<‘ie ul)taitied liimi the teol a steam engine ;■ 

Mean pressure on the pisloii m pounds pei- sqn.ue meh, 40 
Kovohitioiis ])rr innndr {(loiitde-actnie), . . 180 

Net load on biako m pounds. . . 400 

lladiii.s of biake load in U‘el. ..... 6 

St(!.im coudetisi'd per hoiii in [mauds, . . . 1,250 

•Diameter ol evlmdet m melieo, ..... 12 

Length of ^a’(tke m h-'et, . . . 1-5 


Find the indicatoj horse-power, brake hoise-pbwar, mccliunieat ellifcionoy, 
and steam per horse-puwrt-lioui' 

5. Use tlie following Table to draw' a trni |)rr.itui'e-ciitropy diagram, and 
from it find the woik done per pound ol dry steam by a perfect engine 
working on the Rankinr ey<'lr hctwccn 150 His jicr scpuiie me It and Id lbs. 
per square inch alisolute piessuirs Also deteimiiic the dryness of the 
flteam after expausjun. 


Piessure. 

Lbs. pcrSiia.uo lucli 

1 

j Temp- Millie 

1 ° 1'. 

1 

Liitif'i.y (if 1 Lb 
of W'.iior. • 

I'cia! Kiitropy of 

1 f/l> ol ^tt‘UUl. 

« 

loO 

i' 

j 359 

0-514 

1 1-569 

16 

210 1 

U-3I'J 

1-749 

1 

i» 1 




6. ‘^lakc an oulune ot onher a iink-iuoficn. or of some form of 

radial valve-gear. E.x'plaui l.O'v \on would determine the angle of advance 
and eccentricity of tl* equivalent eccentiio for a givVii jiosition of the 
ge-u-.'* 




406 


APPENDIX. 


7 State the chief items of cost in generating a unit of energy: (a) by 
stoam-plAut, (6) by gas-plant in a power station. What is the effect of ,the - 
load-factor on thosd items, and how is theequestiou of the typo and dimon* 
eions of the plant affected by tlie load-factor > 

8. The foHowmg results were obt;^inbd trom tests of two separate boilers 

No. I. No. 11. 

Water evaporated per pound of coal, lbs . 8*7 9’2’ ‘ 

Temperature of feod-wator, ° F, . . 60 200 

Temperature of saturated steam at boiler- 

pressure, ® F., '.340 380 

Degrees of superheat, F., . » . ■ .. 100 

Dryness of steam, ..... 0*98 ., 

Assuming, the quality of the ooal to bo the same in both cases, determine 
which is the more officiont boiler Latent heat of 1 lb. of dry steam = 1,114 
— 0*7 1, where (is tho temperature of the steam in ® F. The specific heat 
of sujwrheated ftoam may be taken as 0-5. 

9. Describe briefly the principle of action of De Laval, Rateau, Curtis, 
and Parsons steam turbines. Show by a diagram how the pressure and tlfe 
velocity of the steam vary in passing through any one of these turbines. 

10. Explain fully the reason of Dio efforts made to improve tho quality 
of the vacuum in steam-t irbino plants, and dosoribo some form of improved 
condensing and oir-pump plant used for this purpose 

U. Tho volumetiio analysis of tho fiuc-gas of u boiler gave tho following 
results :—CO|, lU percent ; oxygen, 9*7 per cent, j nitrogen, 80*3 percent. 
Find the weight of air supplied per pound of coal it the coal contained* 
82 per cent, of carbon, 5-3 per cent, of hydrogen, 4 per cent, ol ash, and * 
8‘7 per cent, of iiioombustiblo gaseous products, c 

12. Tho presfiuio and volume at several points in tho compression of a 
gaseous mixture in i gas-engino cylinder iu shown in the following Table. 

I -15 I 

j 2*52' I 

J_._i_ 

Assume the curve can bo reprcscuLwl by an oqualioii of the form P Vn — c, 
and determine tho value of n. , 


October, 1914. 


THEORY OF HEAT ENG,INKS. 

’ Not mqrc (hq^n eight qvesUona to be attempted by any CemdiiaU 

1. Stjate the second law of Thermodynamics an£ show how the growth' 
t)f entropy in irreversible cycios is in conformity with this law. 



Pressure, , 

?. 

1 — 

Volume, . 

1 

. j 4 73 
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2. DoBno tpbcfo]]u\Tmgierm8: siKcific l\eat of a gas^at constant volume; 
adiabatic expansion ; latent heat m evaporation; total heat of a saturated 
vapour; beat of a Ifquid. St^te tho relation existujg between the last 
throe terms for the same liquid. 

3. What is tho difference betwocA ^lo theoretical Otto and Diesel oyoles ? 
•Whieh is theoretically the m’bst efficient, aesuiniiig the same ratio of oom» 
session in both oases ? Which is practically the most effieient, and why t 

4. What is meant by a revers-iblc cycle and by an^irrovorsible eyelet 
Which portions of tjie cycle of an actual eim plo steam emrino are irreversible T 

5. Draw a Mollior heht-chart with tho date given below (only the 200“^ F. 
•uperheat line, tho saturation line, and the linja representing the given 
pressures need bo drawn). Why are tho pressure lines straight in the satu¬ 
rated field and curved in tlio superheated field ? Assuming tho initial 
condition of tho steam to be 200 lbs per square inch absolute pressure 
and 200® F. superheat, draw a line represenhiig tho Uankine cycle and a 
line giving 70 per cent efficiency ratio; m botli cases terminating at 2 lbs. 
absolute pressure. 


, 

Prosatire. 

_•_ 

T.il.il Heat. 

Entropy.* 

> 

I/l>h iier s<i 

Til r per 



11] libs 

l.b 


f 

200 

i,;io8 

1-663 


100 

1,280 

1-719 

Superheat 2U0'-' F., . 

25 

1,250 

1-833 

6 

1,222 

1-972 

i 

1 

1,200 

2 063 

c 

200 

1,108 

1-540 

. 

100 

1,180 , 

1-002 

Saturated, • * 

25 

• 1,100 

1-714 


5 

I.IIK) 

• 1-840 

1 

1 

1,115 

1-918 

r 

200 

1.000 

1-340 


100 

1,000 

1-377 

O'Sdryneesfiaction, . 

25 

070 

1-444 

6 

000 

1-520 

i 

1 

on 

1-570 


6. What is meaiit by the term missing quantity " in the case of a steam 
en^rie ? Give your views as to tlio relative effect of valve leakage, oylindot 
walls, and moisture film on the missing quantity. 

7. Describe and illustrate with hand-skotches a method of weighing the 
feed water in a boiler trial What kind of corrections have to be made 
to the feed so measured to obtai^i the actual rate of feed of tho boiler 7 

8. Dewribe one of Ji-ho following kinds of brakes:—(o) Prony brake; 
(b) Froude water-brake. Obtain from first principle^ the formula for oal- 
calati^ the B.H.P. 

9. ' 1^0 economy o^a steam Engine is generally stated as’the number of 
pounds of steam required por I.H.P.-hour. ^how that this ^statement 
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is iaoorreot and that tho error is greater with superheated than with satu* 
rated st^am. ' * 

10. In the Dieseljtype of oil engine a portion of the iiorse-power developed 

in the cylinders is required for working the air-compressor. Should this 
fact be taken into account when cal^uff ting the oil consumption per Indi¬ 
cated H.P., and if so in what way and to what extent ? t ^ 

11. One pound of air is compressed adiabatically to one-fourth of its 
^ original volume. 'Calculate the temperature reached, taking the initial 

temperature at 60° F. and y = 1*4. How many B.Th U. must be removed 
from the compressed air in order that it may bo cooled*to the origihal tem¬ 
perature, without changing its compressed volume ? Ct> = 0‘17. 

12. The dryness of fraction of steam is ascertained to bo 0*96 and the 
pressure is 170 lbs per square inch absolute. Find tho total heat of this 
steam given that the total boat of saturated steam at tliis pressure is 1,195*4 
B.Th.U. per pound, and that tho water heat is 340*7 B.Th.U. per pound. 
If this steam were expanded by throttling, show how to calculate the tem¬ 
perature when the steam is just saturated. 


February y 1915. 


THEORY OF HEAT ENGINES. 

Foi move than eight questions lo be atlemptcd by any Candidate 

1. Explain tho statenioiTb that if the condition of a substance is changed 
along'a rorersible patli tho difference, of entropy between the final and 

the initial stages is the summation of Show that the difference of en¬ 
tropy is greater than this if the path is irreversible. 

2. Obtain the usual expression for tho adiabatic expansion of a perfect 
gas. 

3. Assuming constant specific heat, sketch the theoretical Otto cycle 
both on tho p v and on the diagram, and explain tho meaning of each 
line. Superimpose in each case diagrams that might bo obtained from 
an actual engine, stating tho causes of the differences between the actual 
and the theoretical diagrams: 

4 Sketch a 6-9 chart for steam and show by its moans that the loss due 
to reducing the admission pressure by throttling is considerably less than 
that caused by an equal increase in back-pressure. ^ 

6 . Describe shortly how you would carry out the test of a gak engme 
of, say, 20 B.H.P using town’s gas wijh the object of asooftaining the 
gas consumption per B.H.P.-hour. 

6 . Given the analysis of the fuel, of the flue gftses, the temperature of 
the flue gases leaving the boiler and the temperature of tho air in the boiler 
room, explain the piethod of oeloulating the heat carried away by the flue 
gases per pound of fuel.. , * 
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7 . The conditions under whicli a atoain enjino worlynp give an available 
heat fall of 318 B Th.U per lb. of steam The refoilt of a test gava a steam 
consumption of 10 l9s. per I.I^ P.-hour. C'aloulat© tho clhcioncy ratio 
Does the result throw any doubt on the accuracy of the test of steam con* 
sumption ? • * 

• 8.•The thermal ofiicioncy of a gas engine woil'.ing witli suction gas is 
30 per cent The efficiency of the producer is 80 ])Cr cent, and anthracite 
of 14,000 B.Th.LT. per lb is used,'costing-8s per ton Tho overall thormai 
efficiency of a steam plant is 15 per cent uMug coal of 12.500 B Th U* per 
lb , costing 12s. per ton The brake cdiciencies are 8() and 02 per cent, 
for the gas and tlio steam engine rcspeotiv<v|y |\Vhat is the coat of fuel 
in each case working 9t 100 B iJ P. for 3,U0() hours, omitting standby 
losses ? 

9. Explain the terms spocific heat at coi^tant vohnni'. and specific heat 
at constant pressure What vicw.s arc now lu ld as to I ho variation of these 
specific heats with temperature and with prcbsuro in rospoct of the products 
of combustion of a gas ongme ? 

10. The ratio of the high-pressure to the low-prossur^ cylinder of a 
double-acting compound steam ongme is 1 to 3 'Plio average mean pressure 
of the high-prcssiiro diagrams m 51 lbs ])or square ituili and that of tTlo 
low-pressure diagrams 15 lbs per square nieii The area ot the low-pressure 
piston is 700 square inches, tlic stroke is 2 feet, and tlio sjiood 180 revolutions 
per minute. Calculate the I ll.T. K tliu B M P measured is 450, what 
horse-power is required to overcome engine friction, and what is the brake 
efficiency ? 

11. Thoexplosivcmixtureinagas onginocylmdoreaii prodiioc GOO B Th.U. 
<per lb. At the beginning of compression tlio temperature is 250"^ F. Com¬ 
pression takes plaice adiahaticully to ono-se\until the original volume 
Explosion then occurs at constant volume Wliat thf ..iretical temperature 
would be reached, assuming constant specific heats. Cy = 0-19 and Cn 
= 0*26? 

12. Describe some form of tlirotlling calorirtHdcr for determining the 
dryness fraction of steam, cxjilaining the principles ol its action Jhid Aating 
the measurements to bo taken 


Octohery 1915. 


THEORY OF HEAT ENGINES. 

Npt more ihan eiqut que'Sttons to be atlemjdcd by any Candidate. 

1'. What is meant, in thermodyiaiuics, by the terms “reversible" and 
“irreversiblQ" operations? Show that, within the same temperature 
limits, no engine can be ifiore efficient than a reversible engine 

2, Prove the equation V = «> + J ^ by wliieh the volume per pound 
of .dry saturated steam*may be deduced from a,knowledge of the latent 
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heat—temperature and the pressure—temperature curves and the density 
of water.* Calculate Uie volume per pound of dry saturated steam at 200 lbs. 
per square inch abs«>lut© from the foilowing data^ 

Pressure (lbs. per square inch %b;|jlute), . 105 200 205 

Temperature, ® F., . . . 379*4 381*6 383*7 • 

The latent heat as {)rcssuro 200 ig 850-3 B Th U. • 

3., In respect to engine indicators of the ordinary type, enumerate the 
chief sources of error arising in connection with the'attachment and adjust¬ 
ment of the instrument ^Stato how the errors can be minimised. 

4. Air, at a temperature of 80° F., is compressed from 15 to 90 lbs. per 
iqnaro inch absolute, and the curve of compression is p t>i‘2 s= constant. 
Find (!) the work done, and (2) the heat lost to the cylinder wails, per 
pound of air. The specific lieats at constant pressure and constant volume 
are 0*2375 and 0*109 respectively. 

6. In a surface condenser the tubes were yjV inch thick, and the thermal 
conductivity of the material was such that 25 B Th U. were transmitted 
across a plate i inch thick per square loot per hour per degree difference 
ol^temperature of the two sides of the plate Ca^^culate the heat flow across 
the tubes if the outside and inside wore at the temperatures of the steam 
(132° F.) and water (80° F.) rc.'ipeotively. Explain why the actual heat 
flow is smaller than that calculated 

6. In an ideal engine cycle with constant admission and back pressure 
and curves of expansion and compression p v” - constant j show that 
the amount of cdeaiance has ho otfeet upon the efficiency, provided the 
expansion i.s earned to the lower and the compression to the higher pressure., 
What are the elTccts of clearance and compression in ordinary engines? 

7. In an engine working on the Ilankino-Clausius cycle, the steam hping 
dry saturated at entry, tlie limits of temperature are 344° F. (latent heat 
880 B.Th.U.) and 12(5° F. (latent heat 1,020 B.ThU.)^ the thermal effi* 
oioncy is 25 per cent. If the steam is superheated 200° F. at inlet, calculate 
the ndditienal work done and the thermal efliciency. Explain why the 
addition of heat as superheat gives proportionately more work (1) in theory, 
(2) in practice 

8. A diverging nozzle is supplied with superheated steam at a given 
pressure, and expands the steam to a lower pressure at winch the quality 
is given. Show how to calculate the diameter at the throat and at exit 
for a given discharge and how to determine the velocity of the steam at 
exit. 

9. A triple-expansion marine engine is required to give 2,000 I.H.P., 
the piston speed being 720 feet per minute, and the cut-off being at 0*7 of 
the stroke in the H P. cylinder. The sfeam-chest and back pressures are 
206 and 2 lbs. per square inch respectively. Taking the diagram factor as 
0^65 and the ratio of the L F. to H.P. cylinder areas as 7*8, find euftabl© 
cylinder diameters. 

10. Draw p-v and d-(^ diagrams for a refrigerating machine, using air, 
which has admission and exhaust at constant pressures; and adiabatic 
compression and expansion. If the toiffperatures at beginning and end 
of compression are 20° F and 390° F , and the temperature at the beginning 
of expansion is 100°*F., find the coefficient of performance. 

11. Draw up a heat balance for the following tost of a jacketed engine, 
expressing the reshlts in percentage of heat supplied:—I H.P., 200; ad¬ 
mission f>res3urc, 150 Ib^. per square inch absolute; steam 3 per cant. 
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wet; cylinder feed, 3,550 lbs. perjiour; jacket feod„200 lbs. per hourj 
circulating water, 66,OW Iba. per hour, the rise of toraporaturo being 49'^ F.; 
feed temperature, 12(r F. At 450 lbs pressure the sensible and latent 
heats are 331 and 869 B.Th U per uound. 

12. In a gas engine working on ^li* Otto cycle the clearance volume is 
dhe-tliird of the volume swept by the piston per stroke Find the thermal 
efficiency of the corrospondmg ideal air cycle Find alsojiiho mean pressure 
in ideal cycle if the pressure at the beginning of compression is 16 lbs. 
per square inch and»i£ tlje maximum pressure is 3 timoR the pressure at the 
end of compression. Take tlie ratio of specilic heats as 1 *4. 

I 


February, 1916. 


THEORY OF HEAT ENGINES. 

Not more fAanoEDiOHT questions to he attempted hy any Candidate, 

1. Show how an absolute scale ot t<‘mf)cratuio can bo defined, and state 
how air and mercury thermometers dillei tjom such a scale. Using the 
absolute scale, find an expression tor the ellicienoy of a perfect heat engine. 

2. Steam 5 per cent wot at pressure 105 lbs per square inch absolute 
is throttled to 85 lbs per square meh absolute and then expanded adiabatic* 
ally^o 40 lbs. per square inch absolute. Find tiio wetness after throttling 
and after expansion. At pre.ssures 40, 85, nnd 105 the temperatures are 
267®, 316®, and 331® F., and the latent heats are 1)35, OOl, and 890 B.Th.U. 

3. Describe with sketches eillur —(1) an (mgine indicator of |ho optical 
type; or (2) a shaft transmission dynamometer for a steam turbine 

4. Prove the relation that oxusts between tlie specific heats, at constant 
volume and constant pressure, of a gas. Calculate the difference between 
the two specific heats of air, having given tliat a pound ol air has a volume 
of 13*1 cubic feet at a temperature of 60"’ F. and pressure 14-7 lbs. per square 
inch absolute. 

5. Discuss the results of experiments upon the rato of transmission 
of heat to metal surfaces from, gases and water flowing at high speeds. 
Indicate the bearing of such experiments on boiler and condenser design. 

6. Taking the Bankine-Clausius cycle as the standard of comparison 
for the efficiency of steam onginek, eiiuinerato the sources of loss in the 
actual as compared with tho ideal engine. TIio steam consumption of an 
engine is 13‘5 lbs. per I H.P -hour, and the work done in tho corresponding 
Raniine-Clausius cycle is 295 B.Th U per pound. Find tho efficibnoy ratio. 

i. In a simple impulse turbmo of tho do Laval type, the mean blade 
speed is 1,200 feet per second, f4o angle of the jet is 20®, and the blade 
angles are each 36®. If tjjiore is no loss by shook at entrance, find the velocity 
of the steam. For that velocity find the work done on tjhe blades per pound 
per second and the ratio of tho work done to the kinetic energy of the steam. 
Take the relative velocity at exit as 90 per cent, of the relative velocity afr 
inlet. 
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8. Discuss the use of suporheatcH ^team in engines from tho thermo- 
dynairfie and practical aspects Note some of the^hief points to bo con* 
sidorod in the design of cnt'incs for uso W4h hijjhly superheated steam. 

y. Show how tocombino tho full loaiLindicator cards for a triple-expansion 
engine, exhibiting them in rclation^to'ouo %aturation curve. Indicate the 
effect on tho diagrams of tlimttlmg the steam supply, * 

10. Sketch a ti^tal heat-entropy chart for steam, showing curves of coh* 
Btant pressure, constant dryness, and constant superheat. Explain son 
of tiiouses of this cluirt in ciiainc and turbine probjom?. 

11. Exhibit on a {?-9 chart tlie cycle ot a vapour compression refrigerat( 
using ammonia, the coriju-cssion being wet and the liquid being admitte 
through tlio oxpan-^ion valve la^tore cn<iliii” to* the lower temperatur 
Show how to find the coellicient of performance. A plant produces 1 to 
of ice per hour, each f)Ound representing 170 B Tli U. Tf the coefficient < 
performance is 60 per cent, of that of the corresponding ideal cycle, in whic 
660 B Th U. arc absorbed for an exjxauliturc of 74 B Th U of work, fin 
tho horso-power necessary to drive the eoinprossor. 

12. Calculatg^ the tlKsrnial oflicioncy of an ideal air engine working on tt 
Diesel cycle. Tiio compression and ospansion curves-arc adiabatic (y = 1-4 
a*bd the ratios of coin[ucssion luid c.\pansion arc 14 and 7 respectivofy. 
The temperature at the bi gmning ol eomptcssion is 110° F. 


Fehntar)/, 1917 . 


TllbXniY OF \\K\r EN(i'INES.*' 

* iVcf 7nf»e Ilia}} KUiii'r qtic.'-lian.', to be alleini tcd by any Candtd<it€. 

1. One pound of air at (50* J-' i.s drawn into an air compressor at 15 lbs. 
per square inch absolute jircssuro, euinprcsscd adiabatically to 90 lbs. per 
square; incli and deiivcred to a receiver Assuming tho oomprossed air 
to bp used ill a motor witlumt ox])aiisiun at 00° F , find tho ratio of the 
work done in tho motor to the work expended in tho compressor. Neglect 
losses 

2. Draw tho ideal indicator diagram ftom tlio following data, and find 
the mean effective pressure Admission pressure 80 lbs per square inch by 
gauge; cut-off at 0 4 of stroke; release at 0 96 of stroke; compression 
ait 0*9 of stroke; back pressure 17 lbs per square inch absolute; elegance 
6 per cent.; expansion and compression curves v -=• constant. 

3. A g^s engine uses 19 cubic feet of gas per hour per ind;catcd horse¬ 
power (calorific value 550 B Th U per cubio foot). Find tho’theftnal 
efficiency of tho engine and the officicimy ratio, if the compression ratio 
is 4‘5 to 1. Assume the ratio of tho spccnic heats is 1 -4. 

4 In a trial of a steam boiler the feed water entH'rod tho boiler at 100° F. 
and was evaporated into steam at 382° F The steam was afterwards 
raised to 682° F bj' tho flue gasc.s without change of pressure Find the 
equivalent evapdfation from and at 212° F if C* pounds of water were 
evaporated per poumi of fcoal consumed. Why is the “ equivalent evapora* 
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tion from and 212° F" upiially |tated m boiler trials ? Lafcnt heat of 
steam s= 1.114 — 0-7 ^ where t is tho temperature of evaporation. ‘Specific 
heat of superheated stAm = 0T> ^ > 

6 Ono pound of water at 32" F. is raised to 328° F. and then converted 
into steam at 328° y Diaw an eiAri^y scale tor the above process, and 
cempfete tho ternpcraturo-oiilropy (lia''iaiii. (The latent heat of ono pound 
of steam at 328° F. ~ 800 il.'Jdi.U ) State munoricall^ tho heat units 
repposonted by i square inch of t!io dm.iiram. 

6. Show approximately tho positions of the crank ot a "as engine when 
the valves open and close and when iiimhon takes place Ilow can tho 
’valve setting of a gas engine bo practically d» teini^icd * 

,7. Explain what is meant by wet and dry compression in an aunnonia 
compressor Illustrate your ajiswer by rcfereiico to the tiun peratuye-entropy 
diagram. In a test of an amuionia coinprc-sor 80 lbs of moling water were 
required per minute, having an inlet temperature of .'55 F and on outlet 
temperature of 67° F. Diameter of conijire.sisor eylindcr 6 iiiehes; stroke 
10 inches; 160 stroke.^ per mmnlo; mean piessiiK* 5.") pounds per square 
Inch. Find tho cocfhcient ot performance, ncuh etmg all hea^ losses 

8. The cut-off of the steam m a steam euLomi cylinder is required to 
bo*at 0-5 of tho stroke; angle of l<\id O ’; grcatr.st opening to steam 2 inched. 
Find the travel of the valve, l.ap of tlu; val\e, and nngl<^ ot advance of tho 
eccentric. Neglect (he ubhquilv of ilo' oonnecliiig-iod 

9 Show by sk('tc)ies how to take a sample ol t.hc boiln Hue gafcg and how 
to dotcnnino the percentage of caibcm ili(>\id<' and o\ygen presmt What 
precautions are neees«:ary in ordei to ol.tain .in aceuiale result? State 
approximated}' the porceiiiage ol I'acb w hen the boiler is working economically 
J^•lth coal fuel 

* 10. What IS me.ant b\ fhe higher and lower <‘a]orilic value of a fuel? 
Exphup how the ealonlic value of a. hud od may b(‘ defermmed In a 
calorimeter oxporiineiif it was loimd (h.if h hlT 11) of nil was consumed 
and 6 lbs. of water^wiirc r.iised .51' J'’ ('aliiil.-le 'Ik; biglim' ealoj-ific value 
of the oil 

11. Explain with a sketch the consiniefieii ,ni<l woikmg ol rome'typo 
of gis producer for gas engines (5)niii.ue flu- sneiion gas pioducer with the 
pressure gas producer 

12. In recent ye.irs stigun turbine^ have liem combined witli reduction 
gearing in certain cases lor tlie ]»iopiiNioii of dups M\[)lum biiefly the 
rcosons for such speed rediiclion, ami sketch am! describe any type which 
has been used. 
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^ P'ebruar^ 1918 , 

, THEOEY OF HE^-ENGINfiS. 

Uoi more than eioht gne-ftionM fo 6c attempted by any Candidate, 

1. State the second lav/ of theriHoaynamics and apply it to define the 

thermal efficiency of a steam engine. * ■ 

2. Make hand ^ketches of tlie indicator diagram of a simple condensing 
steam engine cutting off at about 0-3, also of a gas engine, choosing your 
owh date as regards pressures. Compare the two ^iagr&ms In respect 
of the admission, oarpanaon, and compression lines, stating approximately, 
the pressures and tempwatures at the beginning and end of'each. 

3. Explain how the ratio of the cylinders of a* compound reciprocatiftg 
engine can bo determined, so that the horse-powep.in each cylinder shall 
be equal, using either the p.v. or the O9 method. 

4. What mechanical and thermodynamical advantages are gained by- 
combining turbines of the impulse and reaction types (known as the disc 
and drum type) ? Describe shortly the construction of such a turbine, 
illustrating yotr answer with a hand-sketch., 

6. Make a hand-sketch of a lonuitudinal --eotion of the oylind-'r of a 

uniflow” steam engine. Describe the principle applied and show wliy 
this type is economical. 

6. Define the following terms in relation to steam:—Latent heat, total 
heat, water heat: what relation exists between the throe. Calculate the 
B.Th.U. required to produce I lb. of steam having a dryness fraction of 
0-8 from 1 lb. of water at F., given that the temperature of the steam 
is 350® F., and the latent heat 870 B.Th.U. per lb. at the latter tempera¬ 
ture. Make a hand sketch of a 0 (^ diagram explanatory of the above. S 

7. Show that the power that can bo developed by a gas engine depqpda 

to a very small extent on the calorific value of the gas. • 

8. It is desired to determine the gas consumption per the mech¬ 

anical efficiency an<l the thermal efficiency of a small ga.s engine working 
with Jown gas. Give a list of the testing appliances required and describe 
how you T^ould conduct the test. 

9. What are the heat losses in a ga.s engine ? Show how they can be 
exhibited on a (?cp diagram. 

10. A steam turbine and a reciprocating steam engine wlien working 

with 27 inches of vacunin have the same steam consumption. Show that 
if the vacuum i.s increasetl, to say 29 inches, the steam consumption of 
the turbine will be greatly improved, but that of the reciprocating engine 
hardly at all. ^ 

11. Explain what is meant by clearance in a steam engine. What effect 

has an increase of clearance on the mean pres.sure, and on tho> steam con¬ 
sumption. ? , * 

12. Define the terra “ efficiency ratio,” and state what data are required 
to compute it:— 

• (a) In tlie case of an oil engine, * 

(b) M » gas „ 

A test gave 13-4 lbs. of steam per kilo#^att-hour in the case of a steam 
turbine when the steam conditions were such that the heat drop was 380 
B.Th.U. per lb. Assuming that mechanical ana electrical losses in the 
steam turbine and the generator are together 10 per cent., calculate the 
“ efficiency ra*tio.V, One kilowatt-hour is the equiv^^ent of'3,410 B.Th.U. 
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October, li)10. 


THEORY'OF ^EAT ENGINES, 

•jVoI more tluin bight qu^^etiong to be attentj,tcd hy any Candtdak^ 

1. Sketch pressure-volume diagrams of the following, neglecting clearAuw 
and compression 

(a) An engine working on the Rankine cycle. 

(^) „ „ non-expansivoly. j 

(c) H $f with inconi))Ieie expansion—that is, the back 

pressure is less than the pressure at. the 
* end of expansion. 

Make sketches showing the temperature-entropy diagrams for the above 
and cross hatch the area showing the loss due to incomplete expansion. 

2. Steam leaves the noz7les of a Curtis turbine at feet per second. 
Assuming the inlet and outlet angles of the blades aro the game, draw the 
velocity diagram if the steam enters the blades \\ithout shock. Allow a 
loss of velocity of 10 per cent in both the moving and stationary blades. 
State the blade angles and the hnal velocity of tiu* steam. The inlet nozzles 
are inclined at an angle of 20^ to the j*lane of tlie wheel. an<l the velocity 
of the wheel is 4.50 feet per second. The tin bine consists of two rows of 
moving blades and one row of stationary blades. 

3. State briefly the thermal and meehanieal advantages of two-stage 
air compressors. What is the maximum pressure to wlueli you consider 

.•air should be compressed in a single stage V (dve reasons for your answer. 
Air is compresseil adiahatically Irom 11 lbs. per square inch ahaoluto 
to TOO lbs. per square inch absolute. JMud the tempeiature at the end of 
compression if the initial temperature is b(l I''. 

4. Describe thee cycle of operations of a rofngerating machine of the 
compression type using ammonia as the workmg suhstanee. How^ does 
the cycle .differ from that of the reversed Carnot cycle V lllu.'rtrate’ your 
answer by the tompcraturo-entropy diagram. 

6. State the difficulties to be overcome in designing a carburettor for a 
petrol engine and make a sketch illustrating tlio construction of one typo. 
Explain any special advantage of (ho type you select. 

6. Assuming that the specific heat of a gas is constant and that the 
adiabatic expansion of the gas may be reiircsented by the equation 1* V‘ 
= constant; show that the index n i.s tlie ratio of the specific heat at 
constant pressure to the specific lieat at con.stant volume. 

7. State what you consider to bo in Lancashire boiler Hues, a satisfactory 
percentage of CO^ and a satisfactory temperature for the chimney gases, 
with»and without economisers. What aro the mo.st common causes of 
inefficiency iii boiler plants and how can the efficiency be improved ? 

8. Thp lap and lead of a valve is 1 inch and cut-off takes place«t 0*75 of 
the stroke. Find the travel of the valve and the angle of advance of the 
eccentric if the lead is inch, ^^eglect the obliquity of the connecting- 
rod. 

9. State three of the methods which liavo been adopted for governing 
gas engines. Discuss briefly tlu^ circumRtance.'i under Vhich each system 
is likely to §ive ^ood result?. 
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-10. It is usual to, make a special effort to obtain the highest possible 
yaoittm «,a steam tuihine plant. E4>l»iu why it is more important to 
seehre p high vaomgn in. a turbine plant tlmn in the »rdinaty reciifeooating, 
'enginejdant, illustrating your answer by the temperature-entropy diagram. 

n: s^m enters a cylinder at a greisure p, and expands aooording to 
,W».towT V = constant; the back pressure isp,. Prpyo that the maai^uai 
wortpet oBbio foot of steam is obtained when the.numW of,h^nsk)hsi 9 

' Neglect initial condensation, compression, afld'elearanoe, , • 

-Pt • • , , • v' '' 

1^. ajine sketch of the Stephensoa Link’ Motion (a)/wtfc Gpio, 
rodSs th) with Crossca ro(|?. State the effect on the lead and on -tH© valTo ' 
travel as the block moves from iho end of the link to the centre of ' 

in both .cases. • t* . 


Aprily 1920 . 


THEORY or HEAT ENGINES. 

Not more than kiqht questions to be attempted by any Candidate. 

1. A perfect steam engine works on the Rankine cycle between 300® P. 
and 120® F. Find the drynes.s of tlie steam after expansion, the work % 
done per pound of steam and the pounds of steam required per hour »er 
hoTse^power, given the following 'J’able :— ^ 


, Tt^iperature ® F. 

Entropy of 1 Lb. 
of Water. 

Total Entropy of 

1 Lb. of Steam. 

300 

0-438 

1-626 

120 

0-105 

1-941 


2. In a steam turbine the velocity of fne steam leaving the nozzles is 
2,900 feet per second, and the nozzles are inclined at an angle of to the 
plane of the wheel. The mean peripheral velocity of the wheel is 1,160 feet 
per second. Find the eflicioncy of the wheel, assuming the exit relative 
velocity from the wheel is 90 per cent, of the inlet relative velocity. 
Assume that the inlet and outlet angles of the blades are equal and that the 
steam enters the blades without shock. * 

Discuss briefly the advantages and-^isadvantages of any two of tke 
working fluids used in refrigerating machines. Sketch in outline the 
construction of one type of refrigerating plant. • % 

4, Air c.'cpands according to the law PV” = oonsfent. Find an expresi ' 
for the neat *^ 9 ring the expansion, ^ 
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5. Make an outlina sketch of s^me type of steam boiler and state the 
conditions determining the transmission of heat from & gas passing through 
a boiler tube to the ^ater outside the tube. 

6. In toting boilers it is uslml to state the evap^ation of the water 
as “ equivalent evaporation ffom gnd at 212° F." State the reason of this. 
A !fteam boiler evaporates^SJ lbs. bf water from feed water at 50° F. 

•to steam at 340° F. per pound of coal burned. Find the equivalent evapora- 
*tion from and at 212° F. if the steam is 96 per cent. ^Iry. (Latent neat 
of one pound of dry steam at 340° F. is 883 B.Th.U.) 

7. Find the thaaretical efficienoy of a gas engine using the four*Jtroke 
wcle, assuming the specific heat is constant. Find the efficienoy when 
|;he volume before compression is five times the 4^olumo at the end of com¬ 
pression. What is the Approximate efficiency for the actual case of variable 
specific heat ? 

8. Explain how to obtain the brake horse-power of an oil engine. 
An oil engine uses 38 lbs. of oil per hour, having a calorific value of 
18,000' B.Th.U. per pound. The I.H.P. is 90-8 and the B.H.I*. is 62 3. 
Find the mechanical efficiency and the thermal efficiency of the engine. 

9. Explain with a sketch the construction of some type of suction gas 
firoducer for use with a gas engine. Show how the vapour is supplied omd 
the gas cleaned. 

10. Twenty cubic feet of air are compressed adiabatically from 16 lbs. 
per square inch to 90 lbs. per square inch absolute. Draw the diagram 
for compression and delivery of the air, and find the work done by th© 
engine. Neglect clearance. 

11. Make an outline sketch of some typo of radial valve gear and from 
the dimensions of the gear show how to find the equivalent eccentric and 
its angle of advance for any position of the gear. 

d2. The travel of a slide valve is 4 inches and the cut-off takes place at 
0'§ of the stroke. Find the steam lap and angle of advance if the lead is 

inch. Draw an approximate indicator diagram if the exhaust lap is 
0’25 incli and the clearance 71 per cent. Assume the initial pressure is 
70 lbs. per square inch and the back pressure 10 lbs. per square inch absolute. 


October^ 1921. 


THEORY OF HKAT KNdINES. 

* 

Noi more than eight (jvestions to be attempted by any Candidate, 

1. Give a general definition of a heat engine. Enumerate the component 
paijs of the elementary heat engine, and state what is meant by the “ oyole.” 
Sketch the theoretical pressure-volume and temperature-entro^ dia^ms 
for anjcngine using a permanent gas (a) when heat is received and rejected 
at constant volume; (6) received at constant pressure and rejected at 
constant volume. Indicate, in^ach case, in what respect the practicable 
differs from the ideal c^cle. 

2. A gas producer is supplied with coal having a calorific value of 13,000 
B.Th.U./lbs. One ton of coal yields 160,000 feet' of gap, at standard 
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temperature and pressure (S.T.P.)* whilh has the following coknpositioa 
by volume:—COa 1>1, CO 11*0, CH^ 1-8, Hj 27-2, N» 42-5 

per cent*. ° Calculate the air required for complete combustion of 1 cuIho 
foot of gas at 8.T.P.,f and the efficiency of ttie producer, the calorific values 
of the constituents, in B.Th.U./feet® at S.jf.P. wing, 

CO CjH, 'CHi ll, ’ . 

343 1,678 1,070 296. 

O • 

Composition of air by volume, 0 21 per cent., N 79 per cent. 

3. Bescribe the method of sampling the Hue gases 6f a boiler during 

a test, and explain, with the aid of sketches of the apparatus used, the 
method of carrying out tl^ volumetric analysis. State what use is madei 
of this analysis in getting out the heat balance, and indicate the different 
calculations involved. ^ 

4. Define the “ efficiency ratio " of a heat engine, and show that its 
value, for a steam turbine, is given by the ratio of the Rankine engine 
consumption to the actual consumption. If the isentropic beat-drop 
in a given turbine is 375 B.Th.U./lbs., and the test consumption at full 
load is 14 Ib./kwrhour at the generator, what is the efficiency ratio of the 
turbine, the generator efficiency being 96 per cent. ? (I kilowatt = '1‘3405* 
H.P.) 

5. Distinguish between the higher and lower calorific values of a gas. 

Sketch and describe-the complete apparatus for the determination of the 
calorific value of the gas supplied to an engine during a test. State what 
observations have to be taken, and give the necessary equations for the 
calculation of the two calorific values, reckoned at standard temperature 
and pressure (32° P. and 14'7 Ib./ins.^ abs.). ^ 

6. State what is meant by the “ critical pressure *' in a convergent* 

divergent steam nozzle. Show that, for initially superheated or oify 
steam, it is 54-fi per cent, of the initial pressure, the adiabatic exponent 
being I '3. Give a reason for the assumption that, within this limit, initially 
dry steam expands like superheated steam. " 

7. Fresh water is obtained on board ship from a distilling plant, in which 
steam SVapfirated from sea water is condensed in a surface condenser. 
Dry -steam from the evaporator is supplied to the condenser coils at 
25 Ib./ins.* abs. The circulating pump delivers 13,440 gallons of condensing 
water per hour. The rise of temperature of the water is 20° F., and the 
temperature of the condensate is 70° F. Calculate the output of the plant, 
in gallons of distilled water per day of 24 hours. (Total heat of dry steam 
at 25 Ib./ins.-^ abs., 1,162 B.Th.U./lbs.). 

8. Give a general expression for the heaj added to a gas in changing 

from condition FiVjTj to PaV^Tj. The compression pressure in a gas 
engine is 70 Ib./ins.* abs., and the temperature 800° F. abs. The maximum 
pressure, shown by the indicator diagram, after heating at constant volume, 
is 240 Ib./ins.^ abs. The gases expand at this pressure, at the beginning 
of the out-stroke, while the volume increases from 0*2467 to 0»2617 ft.*. 
Find (a) tb^ change of internal energy during the explosion, (5) the heat 
added during the short constant pressure period. Take K = 0*19 and the 
weight of the gases as 0*056 lb. f, 

9. Dintinguish Iwtween “ cylinder feed" and “ ^dioated steam,” amd 
show how the latter pan be calculated from an indicator diagram. State 
the assumptions made in this calculation. At a point near release on the 
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expaoBion curve the pressure is 4.1i Ib./ins abs., and Wie total volume of 
st^ra in the cylind^ and clearance spaces is 0‘2126 ft.*. At appoint 
on the compression curve the ^pressure is 2o Ib./irfs.’* abs., and the 
volume 0'04107 ft*. The cotresi|)ndinj? spe<*ifio volnnjes of dry steam - 
at these pressures, are 9*4 aad 10-15 •ft.*/lbs. The steam consumption 
ftf t^e doublo-actipg engine is iiOO lb. hours at 150 revolutions per 
minute. Find the ratio of indicated steam to t ylinder feed. 

it). Show from the T(p diagram that the cfiii ieucv of tlu' constant volume 
regenerative air engfne is the same as that of the Carnot. A Stirling onjpne, 
with a perfect regenerator, works l^etween pressure iimits of 15 Ib./ins.* 
abs. and 120 Ib./ins.* abs., and temperature liinRs of 00' F. and 580"^ F. 
Calculate the thermal eflfeiency and the compression ratio. 

11. State what is ni^nt by the “ thermal eHineiicy ” of a steam boiler, 
and the “ factor of evaporation.’ During a test of an oil-fired boiler, the 
steam raised at 180 Ib./ins.* gauee was 4 jier cent. wet. The feed temjiera- 
tiiro was OC^ F., and the evaporation 11 Ihs. of w ator jier pound of oil burned. 
The oil had a calorific value of ID.OOO U.'J’li.C /lbs. Calculate the eflieieacy 
and the equivalent evaporation from an<l at 212' F. Tolhl heat ot dry 
steam at 195 lb,/ins.* ab.s., 1.294 94. latent heat 8.51-72 B.Th.U./Hjj. 
Chtent heat of steam at 212' K. 97o IbTli.C./ibs. 

12. A single stage air compressor has a stroke volume ft.*, and the 
clearance volume expressed a.s a percentage of this is r.. Air is drawn in 
at Pi Ib./ina.* abs. compressed to o.^ Ib./ins.- abs., and discharged at this 
pressure. The law of CDinpression and expansion is I* V" --constant. 
Find an expression lor the nett work done on tlie air iluring this cycle, and 
show that it reduces to the .standard cx[uession, when eiearanoe is 

^eglcctcd. 


April, 1922 . 


THEORY OF HEAT ENGINES. 

Not more than eight questwno to he altmi'tcd by any Candidate^ 

1. Define the thermal efficiency of a heat engine, and state in the ease 
of the'steam engine, how the heat supplied per ininuto is estimated. 

^During an engine, test, steam was supplied at 1.50 Ib./in.s.* abs., super¬ 
heated 120° F., and the tem|)eraturo at exhaust was 117° F. The weight 
of condeiwed steam was .30 Ib./min.s., and its temperature 107° F. The 
weight of circulating water was 1,0 b5 Ib./mins., and the ri'»e in temperature 
$5° ^ The l.H.P. was 120 and the B.H.P. 108. Calculate the indicated 
and brake thermal efficiencies, and draw up a tabular heat balance. Total 
heat bf jlry steam at 150 Ibs./ms.* abs. = 1,199-68 B.Th.U./lbs.* specific 
heat of superheated steam = 0-558. 

2. An air compressor takes in, impresses, and delivers air to a receiver 
1 foot diameter and 4 feet long. The initial prc» 8 ijr 5 of the air in the 
receiver is 15 Ib./ins.* aos., and the temperature 60° F.* At the end of 
45 seconds, the pressure rises to 100 Ib./ins.* abs., and the .temperature 
.to 120° F. Negiectingj^leakage loss, calculate the voluAb of “ free air" 

87 a 
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per minute (at 60? F. and abs.) taken in by the compressor. 

TskQ the gas constant of the characteristic law as 53*3. 

3. In getting eut the beat balance account iSr a steam boiler trials 
explain, in detail, the methods of calcu^^ing the following items :— 

(а) Heat transferred to th6 water. » 

(б) Total weight of flue gases. j* 

(c) Weight of air for complete combustion. « 

(d) Weight of excess air. 

' (e) Weight of products of combustion. * 

4. The specific heat for gas at constant volume is given by, K» =* o + sT,* 
where a and s are conslfants, and T is the absolute temperature. If W Jb. 
of the gas is heated from Tj to T 3 ° F.. show that:— 

Change of internal energy o 

= W [fl(Tj - T,) + I (T,a - T,')] B.Th.U. 

During the period of the explosion in a gas engine, the pressure rises at 
constant volume from 68 Ib./ins.® abs. to 180 Ib./ins.* abs. The gaseous 
mixture in the cylinder weighs 0-031 lb., and its temperature, before 
addition of heat, is 720° F. abs,- If 12 B.Th.U. is added during explosioir, 
calculate the heat lost to the jacket water. Take, a = 0-152 and 

5 = 0 - 000012 . 

6. Describe, with the aid of diagrammatic sketches, the construction 
and method of operation of a “ Uniflow ” steam engine, for a large ratio 
of expansion. Contrast its merits with those of an equivalent multiple 
expansion engine as regards, {«) steam consumption; (b) temperature 
range and its eltects: (c) clearance losses ; ((/} piston loads; (e) uniformity 
of torque. Also explain how excessive compression is prevented in this® 
type of engine. 

6. Describe, with the aid of the P V diagram, the cycle of the “ open " 

type of air refrigerating machine, if 1,.500 lbs. of air is drawn per hour 
from the cold chamber at 16 Ib./ins.* abs., and .50° F., compressed to 
67 lb./in8/? abs., then cooled to 77° F., and expanded again to 15 Ib./ins.* 
abs., calculate the heat taken in and rejected per lb. of air. If the input 
to the machine is 25 H.P., calculate the actual coefficient of performance. 
Take the law of compression and expansion as = C and specific 

heat of air at constant pressure as 0 241. 

7. State what is meant by the “ mis-sing,quantity ” of a steam engine, 

and outline the theories advanced to account for it. Indicate the prol^ble 
effects of the following modifications of the working conditions on the 
missing quantity, giving a rea.son in each c^se: — _ " 

(cr) Increase of range of expansion. 

(6) Steam jacketing of cylinder barrel. 

(c) Steam jacketing of cylindet ends and barrel. 

(d) Use of superheated steam. 

^e) Increase of rotational speed. , 

8. An engine works on the cycle in which heat is received at Constant 

pressure and rejected at constant volume. Sketch the P V and T (p diagrams 
for the cycle, and, assuming constant specific heat, show that the efficienoy 
is given by, . . e 
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where re ie the compression ratio, /^the ratio of the voUime at out*of! to the 
olearnac'e volume, and y the ratio of the apeoifio heats. ContraetFthe ideal 
P V diagram with th^Miagram usually obtained from a J')iej,cl engine. 

9. Sketch the combined veJoAty diagram for a stag-; of an axial 6 ow 
reaction steam turbine, assuming e|ual losses in the fixed and moving 
•rin^ channels, and from it show that tho work done, per lb. of steam, oli 
“^he moving ring of the pair is given by 

where w = mean blade velocity in ft./sec., and p= ^ 

steam velocity 

6 = exit angle of th<i blado. Show' how tlic diagram is modified in the 
case of an impulse stage, and gi\o the corresponding expression for the 
work done. 

10. Sketch an arrangement of combined separating and wire-drawing 
steam calorimeter, connected to the steam pipe of an engine. During 
a test, the pressure in the pipe was 120 Ib./ins.- ahs., and tUc lower pressure 
|t the calorimeter was 10 Ib./ins.* abs. 'i'he temperature ot the ste^m 
at this pressure, registered by a thermometer was 208° F. The water 
collected from the separator was 1-0 lb., md the steam jiasscd through 
the tlirottling calorimeter and afterwards condensed, was 24 lbs. Calculate 
the quality of the steam in the pipe. 

Total heat of dry steam at 120 Ib./'iis.- abs. = 1,195-06 B.Th.U./lbs. 
Latent „ „ „ „ „ 882-72 „ 

Total „ ., „ 10 „ = 1,162-48 „ 

Temperature „ „ „ „ — 216-34® F. 

\ Specific lieat of superheated steam - 0 48. 

11. Show by sketches of the H(p and T 9 diagrams the effect of frictional 
reheat in a steam turbine noz/.lc, and find an expresHion for the actual 
quality of the steam at exit, when it is finally w^t and the rehef|^ is i^own. 
If the isentropic heat drop m a iio'/./.Io i.s 300 B.Th.U., and the corresponding 
(ideal) quality is 0-84. Find the actual (piality when the frictional reheat 
is 16 per cent, of the heat drop. Also calculate the velocity at exit and the 
weight discharged per hour if the diameter of the no/vlo exit is 0-7 inch. 
(Latent heat of dry steam at 2 Ib./ins.- abs. = 1,019-72 B.Tb.U./lba., 
and specific volume = 173-5 ft.^/lbs.). 

12. A two-stage inter-cooled air-comprcssor works between pressme 
limits Pj and Pg. ff intercooling i.s complete, and clearance effect is neglected, 
show that the work done on the air during suction compression and dis¬ 
charge is a minimum when the suction pressure of the second stage iS' 
Pg s=:\/PiP«- Hence find an expres.sion for the total work don© on the 
air.« The standard expression for work done in a single stage may be 
assumed. 
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AmAPATic e!tpan8ion, 10. 

-. and entropy in, 18. 

-i— Dryness aftor, 24. 

-EfTect of variable specific 

, heat on, 53* 

After-burning theory, 157. 

Air, Compression of, HfP. required for 
single stage. 114. 

• —-H.P. rcHiuired for two 

stages, 117. 

-of ratio of pressures to 

make total work a 
minunum, 115. 

-compressor.! 18. 

-- Excess of, in products of com¬ 
bustion, 135. 

-Flow of, through pipes, 86. 

-percussive tools, 120. 

-refrigerating machines, 93. 

|Ammoma compressor, 101. 

-Proportiefl of, 40. 

An%h sis of flue gas, 128. 

-of producer gas, 220. 

'Application of Diesel engine to 
marine prc^ulsiun, 210. 

-I-of De Lava! turbine, 255. 

--of Mollicr’s diagram to the 

throttling of 
. steam, 37. 

-to turbines, 38. 

Atkinson engine, 147. 

B 

• 

Boileb.s, connection of shell and 
. flues, 377. , 

-- construction of materials, 365. 

--of joints, 368. 

---caulking, 377. 

—_ —2-punching and 

drilling, 334. 

—-riveting, 376. 

---*-weWmg, 377. 

■-Cochran, 316, 

—— Cornish, 299. 


Boilers, Cerrosion of, 341. 

-Cylindrical marine, 330. 

---s.s. “ A^iibian," 3*14. 

-s.s. “ Tnchdune,” 337.. 

-s.s. 8t. Rognvald,” 333 

-^hantca’, 339. 

-Egg-ended, 299. 

-(Jns.sct stays. 380. 

— Havstack, 207. 

- ].ancadiirc, .3(H. 

-Marineivater tube, Belleville,353. 

-- Babcock & Wilcox, 

:t6^. 

-Clyde, 358. 

-Normand, 358. 

-'I’hornycroft, 359. 

— --YarroiV, 356. 

-Oval, 330. 

-Rectangular. 320. 

-Spherical, 297. 

-Staying, 370, 

-Strength of, flues, 385. 

-of shell, 382. 

-Vertical, 316. 

— - Waggon, 297. 

-Water tube, land, 

-Athaiitages of, 305. 

-"iiabcock i't Wilfox, 303. 

Houlvin’s construction, 33. 

Brush-i’aison^ generator, 273. 

-Steam consumption of, 279, 

-Tests of, 277. 

Buckets of Curtis turbine, 289. 

-of De I-aval turbine, 243. 

-of Parsons’ turbine, 263. 

C 

Calorific value of fuels, 124. 
Campbell gas engine, 16’7. 

Carbon dioxide, Properties^f, 41. 
Carburetters, Compensating jet, 178. 

-I'loat-feed tyi>e, 176. 

-Zenith, 177. 

Caulking of boiler joifcts, 377. 
Ghimnev draught?, 137. 

Clapeyron's equatipp, 28 
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Claude process for liquid air, etc., 106. 
Clerk tw 9 - 8 troke engine, 145. 

Clutch*, Borman ^ni;^ne, 183. 

Clyde water-tube boyer, 358. 
Coefficient of performance, 91 , 

Combustion of Fuels— 

Excess air, 135. 

Heat lost by products of com- 
J)U8tion, 136. 

incomplete, Heat lost by, 137. 

-* excess air, 137. 

Products, 133. 

Comraercia! boats with steam 
turbines, 284. 

Compressed air tools, 120. 

Compression of air, see Air. Compres¬ 
sion of. 

Compressor, Air. 118. 

•-Ammonia, Toi. 

Connection of boiler, shell, and 
flues. 377. 

Consumption of steam, I)e Laval 
Turbine, 247. 

-Parsons turbine, 279. 

Conversion of P V diagram to T 9 
diagram, 32. 

Cornish boiler, 299. 

Corrosion of boilfrs, 341. 

Curtis turbine, 285. 

Curve of'power, Borman engine, 184. 

-Rolls-Royce engine, 

188. 

Cycles, ^arrtbt’8,8. 

-Clerk or Two-stroke, 145. 

-Constant pressure, 61. 

-volume, 47. 

-liffieiency in, 50. 

-Diesel, 61. « 

— Joule, 61. 

--Otto. 49, 143. 

-Rankine-Clausius, 63. 

...-- Efficiency of, with 

saturated steam, 64. 

-Efficiency of, with 

superheated steam, 
, 69. 

-Reversible, 12. 

-Stirling, 48. 

Cylinders, Campbell gas engine, 168. 

-Dorman engine, 179. 

-Kogrting engine; 173. 

Cylindrical boilers,.3.30. 


D 

Day two-strtJH engine, 147. 

De^val turbine, 2¥). 

Dbsigfi^of steam nozzles, 81 . 

Diagrams, Tpmperature-Entrop^ 

• for steam, 23. 

-Superheated steam, 26.‘ 

-Mollier’s total heat, 36. 

’-Variation of pressure and 

volume of steam in a D<f« 
Lava> turbine nozzle, 240.«• 
Diesel engine, cycle, 61. 

-in marine propulsion, 210. 

-Mirrlees, Watson, 19^ 

-Vickers-Petters' (see also 

Oil Engines), 203. 
DIssocation theory, 166. 

Dorman engine (see also Petrol 
Engines), 179. • 

Draught and chimney, 137. 

Dryness after adiabatic expansion, 
24. 


E 

Economisers, Green's, 323. 
Efficiency, Brake, 2. 

-- in Carnot’s cycle, 12. 

-in constant volume cycle, 50. 

-in constant volume cycle, Effect 

of variable specific heat, 52. 

-Commercial, 3. 

-comparison of ideal with 

constant and variable specific 
heats, 61. 

-Indicated, 2. 

-of Rankine-Clausius cycle with 

saturated steam, 64. 

-df Rankine-Clausius cycle with 

superheated steam, 69. 

—;■ of reversible cycles, 14. 
Egg-ended boilers, 299. 

Electric ignition, 165. 

Engines, Oil {see Oil Engines)'. 

-Gas {see Gas Engines). * 

-^Petrol {see Petrol Engines). 

Entropy and adiabatic ex^nsion, 
18. # 

-Definition of, 17. 

•-in Carnot's oyole, 18. 



INDEX. 


425 


^ o 

Entropy, increase in irreversible pro¬ 
cesses, 43. 

— temperature dia^m for st^m, 
—-- for superheated ^ < 

® steam, 20. 

-Constant volume lines hn, 

26. 

-Conversion from indicator. 

diagram, 32. 

-Conversion from Boiilvin’s 

construction for, 33. 

—— Unit of, 22. 

Equivalent,'Joule's, 2! 

^xcees air in combustion, 135. 
Expansion, Adiabatic, 10. 

-Effect of variable specific 

heat, 53. 

-curve,Graphical construction,?. 

*— Isothermal, work done in, 5. • 

•-Laws of, for perfect gases, 4. 

-P V'* constant, work done in, 5. 

Explosion ^in internal combustion 
engines— 

After burning theory, 157. 
Dissociation theory, 166. 

Pressures and temperatures 
obtained, 155. 

Wall action theory, 166. 

Valuable specific heat theory, 158. 


F 

Feed water. Purification of, 330. 
Flame, l^ropagation of, 158. 

Ferranti stop valve, 326. 

Flow of air through pipes, 86. 

-of steam through a nozzle, 73. 

-Ratio of pressure^ for 

maximum delivery, 75. 

-Ratio of pressures for 

maximum discharge and 
^ velocity, 77. 

-of steam through pipes, 82. 

-Effect of elbows, 85. 

Flue gas analysis, 128. 

Flywheel, Dorman engine, 183. > 
Fuel, Calculation and excess air in 
combustion, 135? 

—Calculation of products of com¬ 
bustion, 133, 


Fuel, Calorific values of, 124. 

-economisers, Green's, 232. 

-Relative values of, 124. 

Furnace—Prevention of smoke, 318, 
-Meldrum’s, 319. 


G 

O.is engine, Campbell, Bedplate, 167. 

-cylinder, 168. 

-crank shaft, 168. 

-cooling water, 170. 

-—— fuel consumption, 

170. 

-liorso-powcr, 170. 

--Ignition, 170. 

-lubrication, nO**" 

-- valves, 169. 

-Governing, hit and miss, 

165. 

-quality, 166. 

-Koerling, 172. 

-Otto, Ignition, 163. 

-Electric, 165. 

-Hot tube, 164. 

-Flow of, through a nozzle, 67. 

-Producer, 219. 

-Suction, 226. 

Graphical* construction for^PV" 
curve, 7. 

Green’s economiser, 323. 

-Tests of, 324. 


H 

Heatino up lamp, 194. 

Heat, Latent, 260. 

-lost by excess air, 137. 

-lost by incomplete combustion, 

137. 

-lost by products of c<ftnbu8tfon 

136. 

-Total, 260. 

Hit-and-miss governing, 165. 
Hopkinson V'errantl stop valve, 326. 
H.P. of De Laval turbines, 244. 
Hydraulic turbines,* 
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Ignition, Electric, 465. 

-Hot tube, HW.* 

-Otto, 163. < 

Impulse turbine, 234. 

Incomplete combustion, Heat lost 
by, 137. 

IndUator diagrams, Campbell 
engine, ^66. 

——-Conversion to, •entropy 

diagram; 32. 

-Koerting engine, 150. 

-Mirrlees, Watson engine, 

202 . 

-Otto cycle, 144. 

Internal combustion engine— 
Atkinson, 150^ 

Campbell {see Cas Engine). 

^Iik*yk, 145. 

Day, 147. 

Dorman {see Petn'l Engines). 

Diesel {see Oil Engines). 

Koerting {see Gas Engines). 
National {see Oil Engines). 
Rolls-Royce {see Petrol Engines). 
Vickers-Pettors (‘•ee Oil Engines). 
Explosion in, 155. 

Scavenging in, 153. 

GcnertU theory, 144. 

Isothermal expansion, 5. 

--of air, 110. • 

• • 

J 

Joints in boilers, Caulking, 377. 

-Drilling, 374. 

--Riveting, 370. 

---Welding, 377. 

Joule’s cycle, 61. 

— equivalent, 2. 

K 

£1o£rtino gas engine, 173. 

MM.. •«— indicator diagram, 
160. 

i-. 

LiKOAsniK^ boiler, 301. 

Laws of thermddyfl^tmics, First, 1. 


Iibws of thermodynamics, Second, 3. 

-of expai^n, 4; 

Light runnijlg gear, Fetter’s engine, 

Lubrioiftion, Campbell gas engin6»170^ 
—y- De Lav%l turbine, 251. ^ 

-Dorijian engine, 181. • 

-Rolls-Royce.ongine, 187. 

M 

Marine boilers, 330. 

-propulsioif, The Diesel engine 

in, 210. ^ 

-the ‘ Turbinia.” 2^. 

-turbine boats, 284. 

Mechanical stokers, 315. 

-Vicar’s, 319.. 

Meco roQk drill, 120. 

Mirrlees, Watson Diesel engine, 199. 
Mixture strengths for internal com¬ 
bustion engines, 158. 

Mond gas plant, 222. 

Mollier’a diagram for steam, 35. 

---application to 

throttling, 37 

-application to 

turbines, 3^. 

Multi-stage air compression. 111. 

N 

Naiional oil engine {see Oil Engine). 

-suction gas plant, 226. 

Normand boiler. 358. 

Nozzles of Do Laval Turbine, 237. 

-Arrangement of 

243. 

-Nuraberof, 261. 

-for steam, Design of, 81. 


Oil engine, National, General. 193. 

-Heatinguplan>p,194. 

--Injection, 197. 

-S-Starting, 194. 

--Stopping, 197. 

-Vaporiser, 190. 

—-Diesel, Feature of, 199. 

-^irrleeSjWftteon, 1991, 
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engine, Vickers-Petters, 203. • 

—;-Jight running gewj 

• 

-Sizes 

A-— starting wmer, 2#7. 

—^-gear, 208. " 

---Test of?206.* 

•Great apparatus. 128. 

Otto cycle, 49, 143. 

\ , 
P 


PSBFOBMANCK, Campbell engine, 170. 

--Coefficient of, 01, 

^—Dorman engine 184. 

Ideal, of vapour refrigerating 
machines. 95. 

• Rolls Rovee engine, 188. 

Petrol, Properties of, 170. 

engines, Dorman, general data, 
179. 


-clutch, 183 

-crank shaft, 181. 

T-— power curve, 184. 

-valve gear, 183. 

-R.A.C. formula, 175, 

r-Rolls-Royce, 184, 

— -general, 180. 

—•-lubrication, 187. 

-performance, 188. 

--starting gear, 187. 

Fetter’s semi-DieacI engine, 20-3. 
Power curve, Dorman engine, 184. 

-- Rolls Royce engine, 188. 

Pressures in e.xplo.sion, Tlicoretical, 
155. 

- Practical. 155. 

Ifucer gas analysis, 220 . 

- Calorific value of, 220. 

- plants, Mond, 222. 

-National, 226. 


Propagation of flame, Rate of, 158. 
^Properties of ammonia (NH 3 ), 4^. 

-of Carbon dioxide (COj), 41., 

--of sulphur dioxide (SOj), 42. 

Purging feed-water, 339. 


R 

tt>A.C. formulaforpetrofengines,175. 
Definition of, 22. 


Bankine<Clausius cycle, 63. « 

'-efflci^cy with saturated 

steam, 64. • 

-effici^c^, with super- 

hej^t«d steam, 69. 

-compared with Carnot's 

cycle, 68 . 

Reaction tprbine^ 234. 

Reducing valve, Auld’a, 317. 
Refrigerating Machines, air machines, 
Bell-Coleman, 93. 

-Coetffciciit of performance, 

91. 

—— —- machines in practice, 99. 

-Reversed heat engine as, 

91. 

-Vapour, Ideal perfor¬ 
mance of, 95. 

Reversible cycles, 12. 

Rock drill, Compres.^il air, 120 
Rolls-Royce engine, 184. 

S 

Sc^VENOl^JO in internal combustion 
engines, 153. 

Second law of thermodynamics, 2. 
Section of w'heel of De Laval turbine, 
246. 

Smoke from furnace, Prevention of, 
;<18. 

Speed of De Laval turbine, 236. 

-Reducing gear Do Liu al turbine, 

187. • 

-*-Rolls-Royce engine*- 

251. 

Splierical boiler, 297. 

S.S. “ St. Rognvalei ' boilers, 333. 
Starting National oil engine, 194. - 
-burner, Vickers-Petters ehgine, 

207. 

-gear, Vickers-Petters engine, 

208. 

Staying of boilers, 379. 

Steam consumption of Do Lavid 
turbine, 247.^ 

-of Parson's turbine, 2/u. 

-Entropy Diagram, saturated 

steam, 23. 

-BUpefheated steam, 

. 

— Flow of, through 4 noezle, 73. 
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Ste&nv Flow of, through a nozilfe. 
Ratio of pressures for maxi¬ 
mum delivery, 75. 

-Flow of, through a nozzle, Maxi¬ 
mum veli#city, 77. 

-nozzles. Design i/, 81. 

fitokersi Mechanical, 315. 

-- Vjcar’H. 319. • 

Stopping National oil engine, }i)7. 
Strength of boiler shells. 382. 

--Hues, 385. 

-of mixture for’'jtitonml com¬ 
bustion engines, 155 
Strengthening rings. 387. • 

Suction gas plant, 22H, 

Sulphur dioxulp, Properties of, 42. 


T 

Teiv^vi'SRatuke entropy diagram for 
saturated steam, 23. 
Thermodynamics, First law, 1. 

_-Second law, 2. 

Thornycroft water-tube boiler, 3.50. 
Throttling, a))plicatioii of MoUier’s 
diagram, 37. 

Turbines, (’urtis, general, 285. 

--— elHcienev, 292. 

-govei n<)r, 289. 

--lubrication. 290. 

--- —nozzles, 289 

-De Laval, Applications of, 255. 

-arrangement ol nozzles. 243. 

-balancing of rotating 

parts, 248. 

— -changes of vi'locity and 

])icssiire in nozzles, 24U. 

-governors. 251. 

——- Horse-pOAier of. 214. 

-Inbiication. 251. 

-most olhcicnt s))ceds. 213. 

■ 1 , --nozzles, Number of, 2-)l. 

--resistance due to suriound- 

ing mi'diiim, 249. 

-results of te.sts, 251. 

-s'j-ction <*f wheel of, 247. 

— fepced, reducing gear, 251. 

_—-Variation of, 253 

--Steamconsumptionof,24(). 

___Stresses in wheel of, 24H. 

-Parsons’, general. 20:1. 

___^admission of steam, 205. 


Turbines, Parsons, Brush-Pamons' 
generator, 271. 

-comr'.rison with recipro- 

,r..ting engine, 273, 

- --etiect of vaouu’u !?75 

— I-- governors,«205, 

' —jr - - lubrication, 261 

- - relay piston, 268. 

. ~ steam consumption, 270* 

— - T"rtts of. 277. 

-uge of superheated steam, 

274. 

1 -vacuum augmentor, £76* 

Turbinia,’' 280. ^ 

'I’urbine vessels 284. ^ 

Two-stroke cycle, 145. 

-engines, Clerk, 145. 

-Day, 147. 

--Kocrting, 173. 

j -Vickers-Potters, 203. 

V 

Valves, Anld’s rediicing, 317. 

-Hopkinson-b'crranti, 320 

i Valve gear, Air <ompressoi, 119. 

--(’ami>bell engine, 109 

--Doiman engine, 183. 

-Kocrting engine, 173. ^ 

-.Miiilees, Watson engine. 

l!>9. 

--National ('iiginc. 104. 

Vapour refugeiating inacliiiies. Idea 
pel formance of 95 

----in ]»raetice, 99. 

Variable speiuHe beat theory, 158. 

- — lOlfcct of, oi; 

constant 
volume cycle 

Variation of speed of De Laval 
till bine, 253. 

\dcar’s meelmnical stoker, 310. 
Vickt:s-1 otters’ engine, 203. 

W 

W'agoon boiler, 297. 

Wimperis’ formula, 50. 

1 Y 

Yarrow water-tul>c boiler, 356^ 







